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PREFACE 


In recent years a number of changes have u’cen place in the 
presentation of the subject of Heat Engines and as this book 
continues to be well received, it has been thought advisable to 
send out a Third Edition which has been carefully revised. 

Although the greatest alteration which has been made is the 
introduction of the Fahrenheit temperature system in all steam 
calculations and data, thcvopportunity has been taken to re¬ 
write some portions, to make a feW additions to the text and 
to add a number of more recent examination questions to the 
examples. The calculations in the text and the steam tables at 
the end of the book have also been brought into line with the 
latest Callendar steam tables. 

The authors are gratified that the book has achieved such a 
wide field of usefulness. They consider that it is now admirably 
adapted to the needs of those students who, having gained a 
knowledge of elementary physics of about intermediate degree 
standard, or taken an elementary course of engineering science, 
are now desirous of following a one-year course in Heat Engines 
such as is required for part one of a Final Degree Examination 
in Engineering or the ordinary stage of the National Diploma 
or Certificate in Engineering. By a simple, lucid yet accurate 
treatment of the fundamental principles of the subject it facili¬ 
tates the approach to the study of the many more advanced and 
specialised textbooks dealing with the various branches of Heat 
Engines theory and practice. 

The authors repeat their thanks to Messrs. Babcock and 
Wilcox, Ltd., Messrs Hick, Hargreaves and Co., Ltd., Metro- 
politan-Vickers Electrical Co., Ltd., Messrs. The National Gas 
^ngine Co., Ltd., and Messrs. C. A. Parsons and Co., Ltd., for 
me use of blocks and diagrams; to the Union of Educational 
Institutions, the Union of Lancashire and Cheshire Institutes, 
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and the Northern Counties Technical Education Council, for 
permission to print recent examination questions and to change 
others to Fahrenheit units where desirable; to His Majesty’s 
Stationery Office for permission to reproduce the entropy chart, 
and to Messrs. Edward Arnold and Co., for their consent to 
the use of Calleudar’s Steam Tables. 

S. H. MOORFIELD. 

H. H. WINSTANLEY. 

July 1947. 



CONTENTS 


CHAP. 

I 

II 

III 

IV 
V 

VI 

VII 

VIII 

IX 

X 
XI 

XII 

XIII 

XIV 
XV 

XVI 
XVII 
, XVIII 

XIX 

XX 
VXI 


Work .... 

Power and Energy . 

Heat and its Measurement 
Thermal Properties of Perfect Gases 
Heat Changes in Gases . 

Expansion and Compression of Gases 
The Working Cycle 
Formation and Properties of Steam 
Steam Boilers 
The Steam Engine Plant 
Hypothetical Indicator Diagram ' 
Entropy and Entropy Diagrams 
Enxropy Applications , 

^Valves and Valve Geai?^. 

Combustion 

Internal Combustion Engines 
Heavy Oil Engines 




y 


Efficiencies 
Engine Trials^ 


Speed Control 
Steam Turbines 
Steam Tables 
Answers 
Index 


y 








VII 


page 

1 

10 

. 16 
. 24 

. 37 

48 
. 65 

. 73 

91 

. 108 
. 124 

. 136 

. 150 

. 164 
. 175 

. 190 

. 202 
. 217 
. 238 
. 263 
. 275 
. 314 
. 317 
. 321 










HEAT ENGINES 


CHAPTER 1 

WORK 

1. The work of this chapter should be thoroughly understood 
before passing on to the study of the subject of Heat Engines. 

All heat engines are built for the definite purpose of utilizing 
heat in the doing of work, such as hauling a load by a loco¬ 
motive, lifting weights by colliery winding engines, operating 
ship winches, excavators, etc., lifting and forcing water by 
pumps, driving shafts in mills and factories. A thorough 
understanding of the methods of calculating the sizes of engine 
cylinders cannot be obtained until the student has quite clear 
ideas of Work and Power. 

2. Definition. Work is a result of the application of effort 
or force. A further definition often given is as follows: Work 
is the result of expenditure of energy. 

This is the best definition for our purpose because we must 
later consider heat as a form of energy. The necessary condition 
that work may be done is that movement shall take place. An 
effort or force may be applied to a body, but no work is done 
unless the body moves at the point where the force is applied. 
The amount of movement may be large or small. 

3. Measurement of Work. The engineer measures the work 
done by or on any of his productions by observing and measur¬ 
ing the force acting, and also measuring the distance moved in 
the direction of action of the force. 

For example, let F = a uniform force, applied whilst a distance 

1 
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S i.s traversed. Then a measure of the work done is obtained by 
multiplying F and S. 

Thus, work done ^ F X S. 

The units of the work are important and depend upon the 
units chosen for F and S. 

When F is in tons and S inches, the work is in inch-tons. 

When F is in pounds and S inches, the work is in inch-pounds. 

When F is in pounds and S feet, the work is in foot-pounds. 

The last-named unit is most commonly used. Other units, 
not needed for our present purpose, are often used. 


Example. The area of a steam engine piston is 30 square inches, and the 
uniform effective pressure upon the piston is 40 lb. per square inch. The 
piston moves 4 inches. Find the work done during the movement. 

Force on piston =- Intensity of pressure x area of piston 
= 40 lb. per sq. in. x 30 sq. in. 

= 1,200 lb. force. 

Work done = Force acting x distance moved 
• 1,200 lb. X 4 inches 
4,800 inch-lb. 


If we divide this result by 12, thus converting the inches to feet, we shall 


get 


Work done = 


4,800 inch-lb. 
12 inches per ft. 


400 ft.-lb. 


Alternatively, we may proceed as follows, changing the unit of distance: 
4 inches = ft. = i ft. 

Then work done = 1,200 lb. x J ft. = 400 ft.-lb. 


4. Work done during Change of Volume. In heat-engine 
work, the student is constantly being called upon to recognize 
PdV and P(V 2 —Vj) as quantities of work done, and for this 
purpose the units must be very carefully considered. 

Pressure in this book denotes intensity of pressure. The word 
pressure itself is often used to denote force, so that the student 
must be careful to get correct ideas as to pressure, or intensity 
of pressure. 

Pressure intensity, or (briefly) pressure, is the load per unit of 
area, e.g. pressure in lb. per square inch is the force in lb. on 
one square inch; pressure in lb. per square foot is the force in 
lb. on one square foot. 
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Example. The pressure of the atmosphere is 14*7 lb. per square inch. 
What is the pressure in lb. per square foot? 

Let P = pressure in Jb. per square foot; 

p — pressure in lb. per square inch. 

Since there are 144 square inches in one square foot, and on each square 
inch a force of 14-7 lb., then pressure in lb. per sq ft. 

- 144 X 14'7 

- 7.I16-8 

or r-144;>. 

Example. A mercury U-tube pressure gauge gives a reading of 3 inches 
difference in level when denoting the pressure of air in a vessel. What is 
the pressure difference represented in lb. per square incli, if mercury is 
13-6 times as heavy as water, and water 
weighs 62*4 lb. per cubic foot? 

This type of example is very important. 

First notice that the area of the tube is 
not given. 

The pressure at level XX (fig. 1) is the 
same in both limbs. 

On the left, it is the pressure in the 
vessel. On the right, it is the atmospheric 
pressure, plus the pressure due to the 
weight of a 3-inch column of mercury. 

Consider the weight of mercury covering 
an area of 1 sq. ft. to a depth of 3 inches. 

Then weight of mercury ~ 1 ft. x 1 ft. x /g ft. x 13*6 x 62*4 

- i X 13*6 X 62*4 

- 21216 lb. 

Hence the pressure in the vessel is 212*16 lb. per square foot above 
atmospheric pressure. 

Again, 212*16 Ib. per sq. ft. 

212*16 

" ~X44~ 

= 1*473 lb. per sq. inch above atmospheric pressure. 

Note that the area of the tube is not involved because we are concerned 
with the intensity of pressure which is independent of this area. 

Consider work done when volume changes at uniform 
pressure. 

Imagine a cylinder, with its axis horizontal, fitted with a 
piston and supplied with gas at constant pressure through the 
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opening at B (fig. 2). Let the piston move, and hence, the 

volume between piston and cover 
1“ change as the gas is supplied, 
pi Let a — area of piston surface in 

i_ contact with gas in square 

inches. 

p - intensity of pressure of gas 
in lb. per sq. in. 

Let L linear horizontal movement of piston in feet. 

Now the force on piston ^ p x a Ib. 


p 

Vb. 

/o" 


lx 



Fio. 2. 


Work done — p x a xL ft.-lb. 

Again, let A ~ area of piston in square feet. 

P pressure of gas in lb, per squaie foot. 


We then have p 
work done 


—= , . - and a — 144 A 
144 

p X a X ft.-lb. 


P 

144 


X 144 A X L ft.-lb. 


- PAL ft.-lb. 


The units of this equation are lb. per square foot for pressure, 
square feet for area, and feet for distance. 

The product of P and A is force, and L is distance. 

.•. the above (PA) x L — force x distance. 

But, again, the product of A and L is the change of volume 
or the volume “ swept ” by the piston. 

PAL becomes P x AL ft.-lb. 

— P x volume change, ft.-lb. 

- P x (Va - Vj) ft.-lb. 


Example. Four cubic feet of water at 700 lb. per square inch are sup¬ 
plied to a hydraulic engine. Find the work done during the supply. 

Work = P X change in volume 

= 144/> X change in volume 
= (144 X 700) X 4 

(Brackets are used to keep the pressure distinct.) 

= 403,200 ft.-lb. 
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Example. Three cubic feet of steam at a uniform pressure of 100 lb. per 
square inch are supplied to the cylinder of an engine. Find the work done 
during the supply. Neglect clearance. 

Here let Vj = 0 and let V 2 =- 3 cubic feet. 

Then change in volume — (V^ — Vi)=^ 3 — 0— 3 cubic feet. 

Work done - PCV^ — VJ 

= 144KV. - ■ Vj) 

-= K4 X 100 X 3ft.-lb. 

= 43,200 ft.-lb. 

It will be seen from the above example, that when the cylinder 
contains no steam initially, and a volume V cubic feet is admitted 
at a pressure P lb. per square foot. 

Work done during admission = PV ft.-lb. 

In considering examples such as the above, relating to 
engine cylinders, it is very helpful to draw the Pressure- 
Volume diagram. 


Field of Diagram 
\3 


Total Volume 


5. The Pressure Volume Diagram as a Work Diagram. 

When a gas, a mixture of gases, or a vapour is operating in an 
engine cylinder, it is known as the 
working substance. The pressure- 
volume diagram is a diagram in 
which the pressure of the working 
substance is plotted vertically and 
its volume plotted horizontally. 

Lines drawn upon the field enclosed 
by the rectangular co-ordinates then 
have definite meaning, and represent 
the behaviour of the working sub¬ 
stance in the cylinder of an engine. By means of such lines it 
is possible at a glance to convey to the mind a large amount 
of precise information. The practice of drawing or sketching 
the lines fixes the problem, and enables the initial and final 
states of the substance to be kept quite distinct. In fig. 3, O 
is the origin, and the volume scale is set out towards the right. 
The pressure scale is set up on the perpendicular line from O. 
Thus the diagram will be on the right of the pressure scale and 



Fig. 3. 
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above the volume scale. If a point be chosen anywhere in the 
held of the diagram, two dimensions are fixed at once, one 
denoting the pressure, and the other denoting the volume of the 
substance for which the diagram is drawn. These dimensions 
are P (pressure) and V (total volume) in fig. 3. The position of 
this point establishes the “ state ” of some given quantity of 
substance as regards pressure and volume. The amount of the 
substance will be dealt with after discussing the characteristic 
equation for gases in article 28. 

The “ state ” point is regarded as movable, and its path from 
the initial state to some final state can be traced out by a line 
known as a pressure-volume line. The pressure-volume line is 
used to denote a “ process ” in the changing state of a gas in an 
engine cylinder. 

The state point in fig. 3 may now be considered to have 
arrived at (3) by moving horizontally from (4) to (3), and the 
area of the enclosed rectangle (1, 2, 3, 4) is proportional to the 
product P X (V 2 — Vi). This shows that an area in the field 
of the diagram can be made to represent a quantity of work 
done, as the state point moves from (4) to (3). 

This is a very important process line, and could represent the 
supply of steam or gas to a cylinder at constant pressure, from 
volume Vi until the quantity supplied occupied volume V 2 . 

The quantity (Vg — V^) is called the volume- swept by the 
piston, and is the product of the area of the piston and the 
distance it moves during the increase of volume. 

The work done during the process is shown by the shaded 
area, and the magnitude of that work is obtained by multiplying 
the shaded area by the “ work scale ” in the appropriate 
units. 


6. Work Scale of a Pressure-Volume Diagram. Definition. 
The work scale of a pressure-volume diagram is the number of 
foot-Ib. represented by one square inch of the diagram, when 
inches are used as the units in plotting and foot-lb. as the unit 
of work. Other units may be employed, but it is advisable to 
use one Set of units throughout, until proficiency in the subject 
itself is attained. 
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The work scale is obtained as follows: 

Let ps -- pressure scale in lb. per sq. in. per inch of vertical 
measurement. 

Vs = volume scale in cu. ft. per inch of horizontal 
measurement. 

Then 1 square inch 1 vertical inch x 1 horizontal inch. 

Now writing the equivalents of these we have 

Foot-lb. per sq. in. ■— {pg X 144) x Vg 

144 Pg Vg ft.-lb. 

Since Pg == 144/)s, we have 

1 square inch =- PgV, ft.-lb., 

where Pg is the scale of absolute pressure in lb. per sq. ft. per 
inch and Vg is the scale of volume in cubic feet per inch. 

Example. A pressure volume diagram is plotted to a seale of 1 inch = 
25 lb. per sq. in. abs. and 1 inch 2 cu. ft. Find the work scale. 

1 square inch represents PiVg ft.-lb. 

„ „ „ „ 144 X 25 X 2 -= 7,200 ft.-lb. 

Example. The area under a certain line on a pressure-volume diagram 
is 3T3 square inches. The scales of pressure and volume are 30 lb. per 
square inch per inch, and 2-5 cubic feet per inch, respectively. Find the 
work represented by the given area. 

Work scale = 144/igVg ft.-lb. per sq. in. 

— 144 X 30 X 2 5 = 10,800 ft.-lb. per sq. in. 

Work represented by area = 3 13 x 10,800 = 33,804 ft.-lb. 

7. Work done when both Pressure and Volume Change. 

Returning to the state point of the substance, consider the point 
to move along the curved path (1) to (2), fig. 4. At some point 
where the pressure is P lb. per sq. ft., let an increase in volume 
of 8V cu. ft. be taken. 

If, during the increase in volume, the pressure remained 
constant, the work done would be P x SV ft.-lb., and P x 8V 
would also be proportional very nearly to the area of the strip 
shown. By making 8V smaller the error would be less. If the 
whole area under the curve be divided into strips, each strip 
could be made to represent the work done during a slight 
increase in volume as nearly as we choose by making 8V 
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sufficiently small. Adding all these strips together, the total 

amount of work represented by them 
may be made as near the actual 
amount of work done as we choose, 
when the volume increases from (I) 
to (2). 

Also, by choosing smaller values 
of SV, the sum of the areas of all 
strips approaches more nearly to the 
actual area under the curve. Hence, 
when SV is infinitely small, and we 
have an infinite number of strips, the 
sum of all PSV products equals the work done, and the sum 
of all strips equals the area under the curve. Thus the area 
under the curve, to the proper work scale, equals the work done 
during the process. 

It will be shown later that when the law connecting pressure 
and volume is known, this work can be calculated. 

The indicator diagram from an engine cylinder is a pressure- 
volume diagram, and it is advisable to treat it as such, and not 
as a pressure-stroke diagram. As pressure-volume lines will be 
largely used to illustrate what is happening in engine cylinders, 
an appreciation of their value, and knowledge of their use, will 
be of great service in future consideration of the important 
engine cycles. 



Examples I 

1. A draught gauge in the form of a U-tube containing water shows a 
difference of level in the two limbs of 0-75 inch. Calculate the difference in 
pressure in lb. per sq. ft. indicated by this reading. Express the answer also 
in lb. per sq. in. One cu. ft. of water weighs 62-4 lb. 

2. A mercury U-tube gauge is used to test the pressure of air in a pipe- 
The reading of the gauge is 3-5 inches difference of level. Find the absolute 
pressure of the air in lb. per sq. in. Assume the outside atmospheric pres¬ 
sure to be 14-7 lb. per sq. in. 

3. The ram of a boiler feed pump is 4 inches diameter and the stroke is 
8 inches. Find the work done per stroke by this pump when forcing water 
into a boiler whose pressure gauge reads 150 lb. per sq. in. 

4. How much work is required to pump 1 cubic foot of water into a 
boiler the gauge pressure being 200 lb. per sq. in. ? 
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5. A quantity of gas is heated at constant pressure and under these 
conditions the volume changes from 3-2 cu. ft. to 3-8 cu. ft. The pressure 
is 180 lb. per sq. in. absolute. Find the total work done during the heat 
supply period. 

6. A pressure volume diagram for a gas is set d<^'wn to a scale of 1" = 

200 lb. per sq. in. and 1" 0-4 cu. ft. The total area under the expansion 

line on this diagram is 2-31 sq. in. Find the work done during the expan¬ 
sion. 

7. The area of a gas engine indicator card is 0-68 sq. in. The volume 
swept by the piston is 0-23 cu. ft. and the diagram is set down to a pressure 
scale of 300 lb. per sq. in, per inch. Find the work per cycle, the length of 
the diagram being 2-25 inches. 

8. What do you understand by the “ work scale ” of a diagram? An 
ideal indicator diagram for a gas engine is plotted to a scale of 1" = 0-3 
cu. ft. and I" =- 75 lb. per sq. in. The area of the enclosed figure is 2-5 sq. 
in., and the length of the diagram is 5^ inches. What is the work scale of 
the diagram? Find from this the hypothetical mean effective pressure. 

W. & D.M.T.C. 




CHAPTER II 


POWER AND ENERGY 

8. Power is the Rate of Doing Work. This statement 
introduces the idea of time. The amount of work done in unit 
time is a measure of the power. If one engi.ne does twice as 
much work as another in one minute, then it has twice the 
power. Hence 

^ Work done 

Power = ——. 

Time 

If an engine, working at a uniform rate, does 270,000 ft.-lb. 
of work in 3 minutes, 

, 270,000 

then work done per minute — —^— 

90,000 ft.-lb. per min. 

The power of this engine may be said to be 90,000 ft.-lb. per 
minute. 

9. Unit of Power. The unit of power which has been chosen 
as convenient for practical engineering purposes is 33,000 ft.-lb. 
per minute. 

Note well that it is not merely 33,000 ft.-lb. 

This unit is called one horse power. 

The horse power of the above engine is 

• 33 ^ = 2-73 horse power. 

One horse power, being 33,000 ft.-lb. per minute, is also 
550 ft.-lb. per second, or 33,000 x 60 ft.-lb. per hour = 
1,980,000 ft.-lb. per hour. 

Although these numbers are different, the rate is the same, 
and all are one horse power. 
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10. Useful Horse Power. The power delivered at the 
coupling, or driving pulley, of an engine, or at the brake when 
the engine is under test, is called the Brake Horse Power. This 
is less than the horse power developed in the engine cylinder. 
This is because work has been absorbed at various points in the 
working parts of the engine, that is, a proportion of the power 
has been expended in overcoming engine resistances. It should 
be clearly understood, therefore, that the number of brake horse 
power units is less than that produced in the cylinder, but this is 
not because a brake horse power is less than any other. The 
value of the horse power is exactly the same, namely, 33,000 
ft.-lb. per minute. 


Example. The work produced in an engine cylinder in 7 minutes is 
287,000 ft.-lb., and the work done against the engine brake in 10 minutes is 
280,000 ft.-lb. Find the horse power produced in the cylinder, and that 
delivered to the brake. 

Cylinder horse power, or Indicated horse power 
work done per minute 

287,000 41,000 ft.-lb. per min. 

7 33,000 

= 1-24 H.P. 

280,000 

Work done at brake = —— ft.-lb. per min. 


Brake horse power 


28,000 
28,000 
"" 33,000 


99 99 99 


0-848 H.P. 


Note that the value of the horse power is the same, whether in the 
cylinder or at the brake. It is the number of units of power which is less at 
the brake. 


11. Energy. This may be defined as the capacity for doing 
work. It may be regarded as a store of something upon which 
we may draw, when suitable conditions are created, for the 
purpose of doing work. These conditions depend upon the 
nature of the source of energy, and they will be discussed as 
they affect our subject. 

The many forms of energy known to science include (1) 
mechanical energy, (2) thermal or heat energy, (3) electrical 
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energy, (4) chemical energy. Our concern is chiefly with the 
relationships existing between mechanical and thermal energy 
and the transformation of the latter into the former. It is 
generally possible to change one of the above forms of energy 
into another form. 

The transformation of thermal into mechanical energy is the 
fundamental function of all Heat Engines, and its study is of 
vital impoitance to the engineer. 

Transformation of mechanical energy into thermal energy in 
an engine is not of service. Heat thus produced is said to be 
degraded and is generally useless. 

12. Conservation of Energy. Energy appears to be indes¬ 
tructible, and observation leads to the general conclusion which 
is known as the “ Principle of the Conservation of Energy.” 
It may be stated as follows: “ Energy cannot be created or 
destroyed.” This principle is essential in establishing many 
very important results in the theory of heat engines. It must be 
remembered that energy transformation is not energy loss. 
Clear recognition of this fact will avoid difficulty later. 

13. Conversion of Energy. Because energy is convertible, it 
is necessary to know something of equivalent amounts of 
energy in its different forms. We therefore have to use conver¬ 
sion ffictors, to change an amount of energy, expressed in one 
kind of unit, into the corresponding amount, expressed in some 
other unit. Thus if energy is given in electrical units, we must 
use a conversion factor to change it into mechanical units. 

The factor with which we are mainly concerned is the one 
for converting heat units into units of mechanical energy, 
usually foot-lb. This particular factor is known as Joule’s 
Mechanical Equivalent of Heat, and has been obtained as the 
result of careful experimental measurement. 

The value of the equivalent is— 

One British Thermal Unit = 778 ft.-lb. or 

One Centigrade Heat Unit = 1,400 ft.-lb. 

The British Thermal Unit may be defined as the mean value 
of the quantity of heat required to raise the temperature of 
1 lb. of water through 1° F. 
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This mean value is for the range of temperature from 32° F. 
to 212° F. 

The Centigrade Fleat Unit may be defined as the mean value 
of the quantity of heat required to raise the temperature of 1 lb. 
of water through 1° C. 


Example. It is found by experiment that 1 lb. of a certain coal will give 
out 14,400 Britisn Thermal Units (B.Th.U.) when completely burned. How 
much energy is this equal to in fl.-lb., and how far would this energy raise 
a weight of 1 ton vertically, supposing the whole of it could be applied to 
this purpose? 

Heat energy available in coal per lb. = 14,400 B.Th.U. 

Equivalent mechanical energy available in coal per lb. 

= 14,400 X 778 ft.-lb. 

- 11,200,000 ft.-lb. 

If the weight of 2,240 lb. is raised “ h ” feet 
2,240/t - 11,200,000 ft.-lb. 


h - 


11,200,000 ft.-lb. 
2,240lb. 


.5,000 feet. 


We shall see later that only a fraction of this energy could 
be expended in doing mechanical work. 


Example. The thermal energy stored in 1 lb. of petrol is 18,000 B.Th.U. 
A petrol engine consumes 15 lb. of petrol per hour, and converts into mech¬ 
anical energy 20 per cent, of that supplied. What is the power of the engine ? 
Heat energy supplied to engine per hour = 18,000 x 15 
= 270,000 B.Th.U. 

270,000 

Heat energy supplied per min. = ' ^6— ~ 4,500 B.Th.U. 

Mechanical energy supplied per min. = 4,500 x 778 

- 3,501,000 ft.-lb. 

Since only 20 per cent, of energy is converted, we have 
Work done by petrol engine per min. =-: —— 


= 700,200 ft.-lb. 


H.P. of engine = 


700,200 

33,000" 


21-2 H.P. 


Example. An engine of 200 I.H.P. is supplied with steam, each pound 
of which carries 1,152 B.Th.U. to the engine. If 12 per cent, of the heat 
supplied is converted into work on the pistons, how much steam is required 
by this engine per hour? 
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Work to be done on engine piston per min. = 200 x 33,000 ft.-lb. 

„ „ „ „ „ „ hour = 200 X 33,000 x 60 ft.-lb. 

, 200 X 33,000 X 60 

Heat equivalent of this work =--B.Th.U. per hr. 

/ /o 

= 200 X 2,545 B.Th.U. per hr. 

= 509,000 „ „ „ 

Heat carried to engine per lb. of steam = 1,152 B.Th.U. 

Heat converted into work per lb. of steam = to'u x 1,152 B.Th.U. 

= 138-24 

Weight of steam required per hour 

509,000 

= Y 3 ~ =3,682 lb. per hr. 


Examples II 

1. The area of an indicator diagram is 2-46 sq. in. The pressure scale 
is I" = 64 lb. per sq. in., and the volume scale = 0-5 cu. ft. The engine 
completes 220 of these cycles per minute. Calculate its indicated horse 
power. 

2. The draw-bar pull of a locomotive when travelling at 30 miles per 
hour is 12,000 lb. Find the horse power expended by the engine upon the 
train. 

3. A pump lifts 10,000 gallons of water per minute through a vertical 
height of 200 feet. Calculate the horse power thus expended. For the 
purpose of pumping, coal whose calorific value is 7,800 C.H.U. per lb. is 
used. Only 10 per cent, of this heat is effectively used by the plant. Find 
the weight of coal burned per hour. 1 gallon of water weighs 10 lb. 

4. An alternator generates 15,000 kilowatts. The overall efficiency of 
boilers, engines and dynamo may be taken as 16 per cent. What weight of 
coal, whose calorific value is 12,000 B.Th.U., will be burned per hour? 
1 kilowatt = H horse power. 

5. Express 2,545 B.Th.U. per hour in horse power. 

6. A fan delivers air at a water-gauge pressure of 3 inches. The volume 
of air passing through the fan is 200,000 cu. ft. per minute. Find the horse 
power required to drive the fan. 

7. One pound weight of steam contains 1,200 B.Th.U. Of this quantity, 
55-8 B.Th.U. are changed into kinetic energy. Find the velocity of the 
steam in feet per second. 

8. The area of an indicator diagram taken from a double-acting steam 

engine is 2-1 sq. in., and its length is 3-5 inches. The strength of the spring 
used is 60 lb. per inch of height. The diameter of the cylinder is 18 inches, 
and the piston stroke is 26 inches. Speed, ISO r.p.m. Find the indicated 
horse power of the engine and, if the mechanical efficiency is 78 per cent., 
the brake horse power. U.L.C.I. 



POWER AND ENERGY 


15 


9. A double acting steam engine has a cylinder diameter of 6 inches and 
the stroke of the piston is 10 inches. The mean effective pressure of the 
steam in the cylinder is 40 lb. per sq. in. At what speed in revolutions per 
minute should the engine run in order to develop 20 horse power. 

U.L.C.I. 

10. At what level is the “ feed check ” valve generally fitted to a boiler 
and why? 

Find the horse power required to drive a boiler feed pump which delivers 
800 gallons of water per hour against a boiler pressure of i85 lb. per sq. in. 
by gauge. Efficiency of pump, 75 per cent. U.L.C.l. 



CHAPTER III 


HEAT AND ITS MEASUREMENT 

14. Heat as Energy. Heat has been described as a form 
of energy, and must, therefore, be capable of doing work. In 
order that work may be done motion is essential, and this 
motion must be associated with applied force. 

According to the kinetic theory of heat, heat is a measure of 
the molecular activity within a substance; it is said to be 
equal to the kinetic energy of the molecules of which the heated 
substance consists. 

15. Specific Heat. The quantity of heat, which is taken in 
by, or removed from a body, depends upon three things; 

(1) The mass of substance in the particular body. 

(2) A property of the substance known as its Specific Heat. 

(3) The change of temperature which takes place. 

To assist the student in forming a conception as to how these 
three points affect the problem, we may consider a quantity of 
water being heated by a gas burner, or some other agency, 
which ensures the transmission of heat to the water at a uniform 
rate. A definite time will be needed to raise the water to boiling 
point, but if the mass of water be doubled, or increased in any 
other ratio, then the time of heating will be increased in the 
same ratio. This is because the heat added must be in pro¬ 
portion to the mass. The change of temperature or temperature 
range is the same in both cases. Again, if we take a mass of 
water, and apply the heat to raise its temperature from 50° F. 
to 80° F., and note the time taken, we should find on replacing 
the water by the same mass of some other liquid and raising the 
temperature of this liquid from 50° F. to 80° F., that the time 
would be different—usually less. This is due to the fact that 

16 
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different substances have different capacities for absorbing heat 
or different specific heats. If the quantity of heat taken in by 
the water is a quantity 1, say, and the other substance has 

C 

absorbed a quantity C, then the ratio = C is called the specific 

heat of the substance. The specific heat of water is taken as 
unity in general. 

Finally, if with the uniform flow of heat, we heat a mass of 
water from 50" F. to 80" F., thus giving a temperature range of 
30", and then, taking an equal quantity of water, we heat it 
up from 50° F. to 110° F., thus giving a range of 60°, we find 
the time doubled because the temperature range is doubled. 
Thus we see that the quantity of heat is proportional to the 
increase in temperature. 

All the above reasoning would apply equally well if the 
substances were being cooled, and thus giving out, instead of 
absorbing heat at a definite rate. 


16. Heat Calculation. In consideration of the preceding 
article, the following equation should hold: 

Heat added = mass of substance x specific heat X tem¬ 
perature rise, 

and all experiment tends to prove it true. 

We have seen that specific heat may be regarded as a ratio, 
but it is sometimes convenient to treat it as a quantity of heat. 

Definition. The specific heat of a substance is the ratio of 
the quantity of heat required to raise a definite mass of that 
substance through a given temperature range to the quantity of 
heat required to raise the same mass of water through the same 
temperature range. 

Let C = specific heat of substance which may be a gas, 
liquid, or solid. 

Cw— specific heat of water. 

W == a given mass of water and also mass of substance. 

Ti — Tj == rise in absolute temperature. 


Then specific heat of substance 


C X W X (Ti — Tjs) 
“ C,, X W X (Ti - Tj 
= C, when — 1 
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Example. The specific heat of air at constant pressure is 0-238, Find 
the amount of heat necessary to raise the temperature of li lb. of air from 
200” C. absolute to 250" C. absolute. 

Heat added = mass x sp. ht. x temperature rise 

- H X -238 X (250 — 200) 

- H X -238 X 50 = 17-85 C.H.U. 

The absolute temperatures are in centigrade degrees, and the student may 
note that the temperature rise would be exactly the same, if the temperatures 
were on the ordinary centigrade scale. 

Now consider specific heat as a heat quantity instead of a 
ratio. 

Definition. The specific heat of a substance is the quantity 
of heat required to raise one pound of that substance through 
one degree. 

Thus 1 pound of iron requires 0-1146 centigrade heat unit to 
raise its temperature through one degree centigrade, or it 
requires 0*1146 British Thermal Unit to raise its temperature 
through one degree Fahrenheit. Hence the specific heat of 
iron — 0*1146 heat units per lb. per degree. Since one centi¬ 
grade heat unit is required to raise 1 lb, of water through one 
degree centigrade, and one British Thermal Unit to raise 1 lb. 
of water through one degree Fahrenheit, we see that both 
definitions of specific heat give the same numerical value. 

A table of specific heats of substances commonly met with 
in engineering is appended. 


Table I 

Water.FO Copper. 0-0965 

Ice. 0-504 Brass. 0*0940 

Aluminium , . . . . 0-2143 Zinc. 0-0956 

Cast iron.0-125 Gunmetal. 0-0952 

Cast steel.0-117 Nickel ...... 0-1086 

Mild steel.0-1158 Mercury (liquid) . . . 0-0333 

Wrought iron .... 0-1146 Coal.0-2412 

Tin. 0-0562 Petroleum. 0-4340 


17. Water Equivalent. It is often necessary to find the mass 
of water which has the same heat capacity as a given mass of 
some other substance. Here the idea of specific heat as a ratio 
has a direct application. 
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The water equivalent of a body may be defined as the mass of 
water which requires the same quantity of heat to raise its 
temperature one degree as would be required to raise the tem¬ 
perature of the body one degree. .. 

Example. Find the water equivalent of an iron container which weighs 
20 1b. Specific heat of iron = 0-1146. 

Wctcr equivalenl of container = 20 x 0-1146 

== 2-292 lb. 

That means that 2-292 In. of water would absorb the same amount of heat 
as 20 lb. of iron, when the temperature rise is the same, or that 20 lb. of iron 
is the equivalent in heat capacity of 2-292 lb. of water. 

Example. An empty copper vessel weighs 2-19 lb. and 8-5 lb. of water 
are poured into it. The temperature of the water and vessel is then raised 
20'" F. Find the heat supplied to the system. Specific heat of copper 
=-0-0965. 

Water equivalent of copper vessel = 0-0965 x 2-19 = 0-211 lb. 

Total water equivalent of system = 8-5 + 0-211 = 8-711 lb. 

Heat required to raise temperature 20° F. = 8-711 x 20 = 174-22 
B.Th.U. 

Example. The parts of a simple calorimeter for testing fuels consist of 
4-6 lb. of glass and 1-2 lb. of steel. Water weighing 2,560 grams is poured 
in. Find the heat required to raise the temperature of the whole system 
3i° F., if the specific heat of steel = 0-ll'58 and of glass = 0-198. 

Water equivalent of glass = 4-6 x 0-198 =0-912 lb. 

„ „ „ steel = 1-2 X 0-1158 = 0-139 lb. 

2,560 

2,560 grams of water = lb- of water = 5-64 lb. 

Total water equivalent of system = 6-691 lb. 

Heat required to raise calorimeter and water through 3^° F.’ 

= 6-691 X 3-5 = 23-4 B.Th.U. 

18. Calorimetry. The above examples indicate the method 
of using specific heats in the calculation of quantities of heat, 
and in heat measurement. 

The measurement of heat quantities is a portion of science 
known as calorimetry, and whenever the term is met with, it 
should at once convey the idea of measuring heat quantity. 

19. Thermometry. The measurement of heat will be seen 
to involve the measuring of a temperature change, and this 
requires the use of either a thermometer or a pyrometer. The 
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student is supposed to be familiar with the ordinary type of 
glass thermometer containing mercury, or some other liquid. 
Such thermometers can only measure moderate temperatures. 
Some form of pyrometer is generally used for measuring high 
temperatures, such as the temperatures of molten metals or of 
furnaces, and such temperature measurement is generally known 
as pyrometry. 

The most convenient pyrometers for use by engineers are 
based upon some electrical phenomenon. A full discussion of 
these is outside the scope of this book, and for fuller information 
the student may refer to books on electricity. We may, however, 
point out that electrical pyrometers depend, either upon the 
measuring of the increase in the resistance of a platinum wire 
when it is heated, or upon the measurement of a small electric 
current generated when the junction of two dissimilar metals is 
heated. As the latter can be measured by a form of voltmeter. 


Indicator 



Junction of 
dissimilar metals. 


Fig. 5. 

which is calibrated directly in temperatures, it requires no 
electrical knowledge to read it, and thus is very convenient for 
use in either engineering practice, or the engineering laboratory. 

20. Specific Heat of a Gas. Hitherto we have dealt with 
specific heats in a general way, and have made no special 
reference to any peculiar property of the substance concerned. 
In- treating solids and liquids, for all practical purposes nothing 
need be added, but the treatment of specific heats in relation to 
gases and vapours needs extending. 

A vapour may be regarded as a gas near its temperature of 
liquefaction, and for the present, they may be treated alike. 

Typical vapours are steam and ammonia, and typical gases 
are air, oxygen, nitrogen. 
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In converting heat into mechanical energy, we find it necessary 
to use some working substance, and so far, gases and vapours 
have been found to be the most con¬ 
venient. This is because their 
expansion or increase in volume is 
so marked in contrast to that of solids 
and liquids. An exact discu.s’sion of 
the expansion of gases be found 
in the next chapter. 

Let us now consider a quantity of gas enclosed in the space 
A, fig. 6. Let the piston shown be considered fixed so that the 
volume of space A cannot change nor can any gas escape. 
Suppose the gas in A to be heated from an initial temperature 
Tj to a final temperature Tg; the pressure will vary but the 
volume cannot; hence the gas in A is heated at constant 
volume. The former equation for the heat added will hold 
here, namely: 

Heat added = weight of gas x specific heat at constant 
volume X rise in temperature. 

Let W = weight of gas, let = sp. ht. at constant volume. 

Then, heat added = W x Cy X (Tg — Ti) heat units. 

Now suppose the piston in B to be movable, and let there 
be a load L upon it. This will ensure that the pressure in B 
remains constant. 

On heating the gas in B, expansion will now occur, and 
again we will suppose that the initial temperature is Tj, and 
the final temperature Tg. 

In this case the volume changes and the piston will rise, thus 
doing work on the weight L. Note that the rise in temperature 
is the same as before (T 2 —Ti), but in addition work has been 
done, hence, it is found that more heat has been passed into 
the gas if the weight of gas is W as before. Our equation for 
the heat added, therefore, can only be satisfied if the specific 
heat is greater than in the case of the cylinder A. We have, then. 

Heat added = W x sp. ht. at constant pressure X (T^ — Ti) 
or putting = sp. ht. at constant pressure 

Heat added = W x X (T* — Tj) 

. Experiment proves our expectation that Cp is greater than C,. 



Fig. 6. 
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It is essential to grasp the following three points so as to 
facilitate the work later. 

(1) A gas has two specific heats, 

(2) The conditions under which a gas is heated have an 

important bearing on the quantity of heat required to 
produce a certain rise in temperature. 

(3) That, otherwise, the method of calculating heat added to 

a gas is the same as that for a solid or liquid. 

For the purposes of this work, we shall assume that the 
specific heats of any gas are constant throughout the whole 
temperature range. This is not strictly true of the gases met 
with in heat engines, but in dealing with the questions we shall 
consider, the results will not be materially affected. We have 
seen that Cp is greater than Q, because in heating a gas at 
constant pressure, work is done on an external body in addition 
to raising the temperature. As the doing of work necessitates 
expenditure of energy, some of the heat supplied to the gas has 
not remained in it, or has not entered permanently into it. We 
may thus distinguish between heat supplied to a gas and heat 
entering a gas. 

Example. Heat is supplied to 5 lb. of air first at constant pressure and 
then at constant volume, so as to raise the temperature from 500° F. abs. to 
575°F. abs. Find the difference in heat supplied in the two cases. Cp = 0-237; 
Cv = 0-169. 

Express the difference in ft.-lb. 

Heat supplied at constant pressure = 

5 X 0-237 X (575 - 500) = 5 X 0-237 X 75 == 88-87 B.Th.U. 

Heat supplied at constant volume = 

5 X 0-169 X (575 - 500) = 5 X 0-169 x 75 = 63-37 B.Th.U. 

Difference = 88-87 — 63-37 = 25-5 B.Th.U. 

Expressed in ft.-lb., 25-5 B.Th.U. = 25-5 x 778 ft.-lb. 

= 19,837 ft.-lb. 

We shall see later that this is the work which would be done 
on an external body. 

The student may note here that when a portion of the atmos¬ 
phere is heated, such as the air in an ordinary room, it is heated 
at constant pressure, and therefore the value C, must be used. 
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Examples III 

1. A block of copper weighing 5 lb. is taken from a furnace and dropped 
into a copper calorimeter weighing 0-75 lb. and containing 6-5 lb. of water. 
I-nitial temperature of calorimeter and water was 57° F. and after the copper 
had been added it rose to 136° F. Find the temperature of the furnace. 

2. Mercury at a temperature of 140° F. and weighing 1-5 lb. is poured 
into 2-4 lb. of water at 59° F. Find the final temperature of the mixture. 

3. A coppe*" vessel weighs 2 8 lb. and contains 4 lb. of petroleum and 
8-56 lb. of aluminium. Fine the watci equivalent of the whole. How much 
heat is needed to raise th-.- temperature 32-83° F. ? 

4. Cooling water is supplied to a condenser at 51-8° F. and leaves it at 
88-7® F. The supply is 1,250 lb. per minute. Find the heat carried away in 
ft.-lb. per minute and express it in horse power. 

5. The air supplied to boiler furnaces is sometimes pre-heated. In a 
similar case, the boiler-house temperature was 64-4° F. and the heated air 
was at a temperature of 383° F. The weight of air supplied per lb. of coal 
is 18-4 lb. Find the quantity of heat supplied by the air to the furnace per 
lb. of coal burnt, if the specific heat of air at constant pressure is 0-238. 

6. An oil-fired boiler takes 21-6 lb. of air per lb. of oil. The products 
of combustion may be taken as equal in weight to oil and air. The oil- 
supply and air-supply are both fed at boiler room temperature, which is 
60-8° F. If the temperature of the flue gases is 500° F. and their specific 
heat is 0-24, calculate the quantity of heal carried away per lb. of oil 
consumed. 
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THERMAL PROPERTIES OF PERFECT GASES 

21. First Law of Thermodynamics. This law states a prin¬ 
ciple with which the student has already gained some familiarity 
and may be expressed as follows. Heat and mechanical energy 
are mutually convertible. 

The conversion factor is called Joule’s Mechanical Equivalent, 
and is such that one centigrade heat unit = 1,400 ft.-lb., or one 
British Thermal unit = 778 ft.-lb. 

22. Principle of the Heat Engine. Mention has already been 
made (see art. 5) of a working substance. Engineers always use 
a gas or vapour as the working substance in a heat engine, 
nothing else having been found as yet to be practicable. More¬ 
over, we have not yet discovered any practical method of chang¬ 
ing large quantities of heat into work without the agency of a 
working substance. 

This working substance receives and gives up heat, changing 
its pressure, volume and temperature to suit the circumstances, 
but it should be clearly understood that none of the working 
substance is destroyed or reduced in quantity. 

The study of heat engines is largely directed to calculations 
relating to the changing pressure, volume, and temperature of 
the working substance. These quantities are determined when 
we know the state of the gas, and it is vital to know what 
relationships exist between the state of a gas, and its heat 
content. 

We are, on this account, deeply concerned with the properties 
of the working substance. 

23. State of a Substance. By the state, we mean the condition 
of pressure, volume, temperature and heat content at any instant 

24 
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Unless otherwise stated, the amount of substance considered in 
calculations relating to the working substance is generally 1 lb., 
and most tables of properties, and standard diagrams, are pre¬ 
pared for 1 lb. of substance. Omission of a weight generally 
means assuming the weight to be unity, and tailure to recognize 
this sometimes causes the student some difficulty. 

Knowledge of the state of a substance will fix the properties 
of unit weight which are necessary to determixie the amount of 
work done by 1 lb., or by 1 cu. ft. 

Again, the state leads to a knowledge of the energy available 
in unit weight of the substance. For example, with the aid of 
steam tables, the state of steam is known when its pressure and 
temperature, or pressure and dryness fraction are known, and 
from this the volume and energy content can be deduced. 

The state of a perfect gas is defined when we know the 
pressure, volume of 1 lb., and the temperature. From this 
information we can determine the available energy, when we 
know certain figures which are properly called gas constants. 

We may summarize by stating the following facts: 

(1) The heat engine uses heat and converts it into mechanical 

work. 

(2) The working substance is not destroyed, though its state, 

and, therefore, its heat content changes. 

(3) The heat content gives valuable information, which can 

only be extracted when we know the thermal properties 

of the working substance. 

24. Laws of Perfect Gases. A perfect gas is one which obeys 
Boyle’s Law and to which Joule’s law of energy is applicable. 
Both these laws are dealt with below. 

25. Boyle’s Law. The volume of a given mass of a perfect 
gas varies inversely as the absolute pressure when the temperature 
is constant. 

Let P = the absolute pressure of the gas. 

V = volume occupied when pressure == P. 

Then the above law states that V oc i. 
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This may be written as an equation by introducing a 
constant C, 

Then V - § or PV = C. 

This shows that the product of the absolute pressure and 

volume of a given qiiantitji 
of gas is constant, when 
the temperature does not 
change. 

Let a quantity of gas at 
pressure Pi and volume Vj 
(see fig. 7) change its pres¬ 
sure and volume in a cylinder 
without change of tempera¬ 
ture. 

Let P 2 and Vg be the final 

pressure and volume respectively. 

Then anywhere on the curve PV — C. 

PjVi = C and P^Vg - C. 
p,Vi = P2V2 

This is a useful working form of Boyle’s Law as it avoids the 
necessity for calculating C. 



Example. Four cubic feet of gas at a pressure of 120 lb. per square 
inch absolute expand at constant temperature until the volume is 20 cubic 
feet. Find the final pressure. 

Since temperature is constant the expansion is according to Boyle’s Law, 
and fig. 7 may represent the change. 

Initial state is PjVx. Final state is P 2 Va. 

PiVi = P2V2. 


P2 = Pl 


Vi 

V2 


^It may be noted that P* = Pi 4- a volume ratio, 


.•. P 2 = 120 lb. per sq. inch X 


4 cu. ft. 


20 cu. ft. 
= 24 lb. per sq. in. absolute. 


26. Charles’s Law of Gases. Equal volumes of different 
gases expand equally for equal increases of temperature, pro¬ 
vided that the pressure remains constant during the expansion. 
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It is found by experiment that the change in volume per degree 
centigrade of temperature change is of the volume of the gas 
at 0°C. Thus 5 cu. ft. of any gas at 0°C. would expand to 
5 + (iTTTr X temp, rise) cubic feet when the temperature increased 
to some value above 0°C., the pressure remaining constant. 

When using the Fahrenheit scale of temperature the figure 
corresponding to 273 is 273 x 1*8 =491-6, or 492 approxi¬ 
mately. Hence the volume of a gas changes by of its 

volume at 32° F. per degree Fahrenheit of temperature change 
if the pressure is constant. 


Example. Find the volume occupied when a given quantity of gas 
exists at a temperature of 400° C., if the volume of this quantity of gas at 
0 ° C. is 20 cu. ft., the pressure being the same at both temperatures. 

Since the pressure is the same throughout Charles’s Law is applicable. 

Increase in volume = 27.1 x 20 cu. ft. per degree C. 


Total increase in volume = (sth x 20 x 400) cu. ft. 


8,000 

“ 273 


29-3 cu. ft. 


.•. Final volume = 20 + 29-3 = 49-3 cu. ft. 


Alternative View of Charles’s Law. The above method of 
using Charles’s Law is not the most convenient. 

Imagine 273 cu. ft. of gas at 0° C., and at a pressure which 
remains constant whilst the temperature is reduced. Let the 
temperature be — t° C. and the volume at this temperature V. 
Then, if we assume that Charles’s Law holds until the temper- 


ature reaches its 

lowest limit, we 

should get the following 

values of V and — 

V 

t° C. 

— t 

T 

273 cu. ft. 


0°C. 

273° 

272 


— rc. 

272° 

270 


-- 3 ° c. 

270° 

200 „ 


— 73° c. 

200 ° 

100 „ 


- 173°C. 

100 ° 

10 


- 263° C. 

10 ° 

0 „ 


- 273° C. 

0 ° 


(It will be noticed that the volume has disappeared. In 
practice this cannot occur, for the gas would become liquid 
before — 273° C. was reached.) 
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If we constructed a new scale of temperature with its zero at 
— 273° C,, we should get the values under T in the third column. 
Temperatures on this new scale are known as absolute tempera¬ 
tures. All that has been done is that 273 has been added to 
each value of — f C. 

We now see that volumes and temperatures rise together in 
the same proportion and thai 


V 



If the volume is made some multiple of 273, say 273 C, where 
C is a constant having any positive value whatsoever, 

then ^ = C or V = CT. 

Thus the law of Charles may be stated as follows: The 
total volume of a given quantity of gas varies directly as the 
absolute temperature when the pressure is kept constant. 

Stated algebraically the law is V oc T or V = CT when 
pressure does not vary. 

The useful form in the working of examples is 

Y _ Yl _ Y? 

T ^ T T ’ 

1 ll 12 

Example. Five cubic feet of gas at 40° C. receive heat at constant 
pressure so that the final temperature is 200° C. Find the final volume, and 
write down the increase during the supply of heat. 

Here Charles’s Law applies, because the pressure is constant. 

The pressure-volume diagram for this change is shown in fig. 8. 


«o 



Flo. 8. 


Since temperatures are not absolute, 273 must be added. 
... T, = 40 273 = 313® abs. 

and T. = 200 4- 273 = 473“ .. 
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Now 




5 X 473 
313 


cu. ft. 


2,365 

313' 


7-556 cu. ft. 


.'. Increase in volume = 7-556 — 5 = 2-556 cu. ft. 


Examples such as the above may be solved when the tempera¬ 
tures are in Fahrenheit degrees. On the Fahrenheit scale, the 
absolute temperature corresponding to 32° F. is 491-6. Hence 
the absolute temperature corresponding to 0° F. is (491-6 — 32) 
= 459.6 (or 460 approximately). Consequently, in order to 
change a Fahrenheit temperature to absolute temperature 
459-6 (or 460) must be added to it. 


Example. Five cubic feet of a gas at 104° F. receive heat at constant 
pressure so that the final temperature is 392° F. Find the final volume, and 
write down the increase during the supply of heat. 

= 104 + 460 = 564° abs. T* = 392 -f 460 = 852° abs. 

,, Vi^ 5 x 852 ^ 4260 ^ 

.-. V 2 = ^ T, = —— cu. ft. -= cu. ft. «= 7-556 cu. ft. 

.-. Increase in volume = 7-556 — 5 = 2-556 cu. ft. 


Example. The temperature of the charge of gas at the beginning of fuel 
admission in a Diesel engine cylinder is 350° C., and the volume of the gas 
charge at the end of the heat supply is 1-9 times the volume at the beginning. 
If the heat is supplied at constant pressure, find the temperature at the end 
of the heat supply period. 

This again is Charles’s Law. This application to an engine problem 
shows that these fundamental laws have their practical applications later. 
The P — V diagram is shown in fig. 8. 

Va 

^ = 1-9 and T^ = 350 + 273 = 623° abs. 

Va Va 
y 

.-. Ta -= - 1-9 X 623 

»1 

»= 1183-7° absolute 
= (1183-7 — 273)° C. 

= 910*7° C. 



30 


HEAT ENGINES 


The working forms of Boyle’s Law and Charles’s Law are 
worthy of note for comparison. 

Boyle's Law 

PiV, = P^VJ 


or 


= 

P2 


Charles's Law 
T, V,-| 


Temperature 

Constant 


Pressure 
1 Constant 

Vj 
Tx 


27. Combination of the Laws of Boyle and Charles. The 

pressure, volume and temperature of a gas may all change at 
once. In this case, because pressure changes, Charles’s Law 
will not apply and, because the temperature changes, Boyle’s 
Law will not apply. We require some principle by which to 
treat this important case. 

This change of state may be regarded as taking place in two 
stages. 

(a) By a change according to Boyle’s Law, followed by 

(Z>) a change according to Charles’s Law. 

Let us consider a given quantity of a perfect gas at pressure 
Pi, volume Vi, and temperature Ti, in a cylinder A (fig. 9); 
the same gas is found later to be in the state Pg, Vj, T 2 , as in 
cylinder C. 





We may imagine an intermediate state as having existed— 
shown at B. Then, because the temperature is the same in A 
and B, the change from A to B follows Boyle’s Law. 
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Hence PiVj = PgV 



In the change from B to C the pressure remains the same 
whilst the temperature changes; hence Charles’s Law applies. 



In equations (1) and (2), the volume V is the volume in B 
and hence is the same quantity for both equations. 



Ti 




It is obvious, by similar reasoning, that if this quantity of gas 
underwent a further change to the state Pg, Vg, Tg, the equation 
(4) could be added to as below. 


PxVi P2V2 P^Vs 

Tl Tg Tg 

This result may be expressed thus: The product of the 
pressure and volume of a quantity of gas divided by its absolute 
temperature is a constant and this again may be written 
algebraically 

PV 

— = K or PV = KT.(5) 


where K is a constant. 

In considering Boyle’s and Charles’s Laws we have said 
nothing about the weight of the gas concerned. 

The weight is important in many calculations because it is 
needed to calculate heat quantities. The weight depends upon 
the density, that is, upon the specific volume of a gas. 

Definition. The density of a gas or vapour is the weight of 
unit volume at a given temperature and pressure. 

I tJs^ we shall state it as the weight of one, cubic foot 
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Definition. The specific volume of a gas or vapour is the 
volume of unit weight at some stated temperature and pressure. 
We shall generally state it in cubic feet per lb. 

28. Characteristic Equation of a Gas. We shall now show 
that the constant K in equation (5) includes the weight of the 
gas. 

Let Vj = the specific volume of a particular gas, whilst P and 
T are its pressure and temperature. 

Then V = wV, where w is the weight of gas used. 

Then we have PV = KT 
.-. PwV, = KT 

PV, - ~T . • (6) 

w 

— is a new constant. If, then, we deal with 1 lb. of gas which 

K 

is represented by V„ the value — will always be the same for 

any given kind of gas. 

Let — = R, then K = hR 
w 

and equation (5) becomes 

PV = wRT. (7) 

and we may also write equation (7) in the form 

PV, = RT.(8) 

Both equations (7) and (8) are very important ones, whilst 
equation (8) is known as the Characteristic Equation of a gas, and 
the value of R is called the Characteristic Constant for the gas. 

29. Units of the Characteristic Equation. In using this 
equation, careful attention needs to be given to the units, and 
the student is recommended to make himself familiar with one 
system, confining himself to that system throughout. 

The following are the most convenient units for our purpose. 
P == absolute pressure in lb. per sq. ftTf - 

T = absolute temperature in centigrade or Fahrenheit 
degrees. 

V, = volume of 1 lb. wt. of gas in cu. ft. 
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We may interpret the meaning of R in the following way. 

Let 1 lb. of gas be enclosed in a cylinder fitted with a piston, 
and let it be heated at constant pressure so that its temperature 
is increased by one degree from some value T, to (T + 1). 
The volume will increase from, say, Vj to V^, moving the piston 
against the uniform pressure P. 

Now PVi RT 

and PVo— R(T 1) 

subtracting P(\ ~ Vj) - R(T H- 1) - RT = R. 

We have seen (art. 4) that P(V 2 — V^) is work done. Hence, 
we see that R is the work done against external resistance when 
1 lb. of gas is heated through one degree at constant pressure. 
The constant, R, thus stands for a quantity of energy, and. with 
the units adopted in this article, will be in ft.-lb. 

If one pound of a gas is heated at constant pressure through a 
temperature range (T^ — Tj), the external energy given to the 
gas is R(T 2 — Ti). 

The numerical value of R will vary according to the tempera¬ 
ture scale used. If the Fahrenheit degree is used, then, since it 
represents a smaller temperature rise, the work done per degree 
will be less and hence R will have a smaller value. 

When air is the gas, the value of R is 96 ft.-lb. per centigrade 
degree, and 53-2 ft.-lb. per Fahrenheit degree. 

Example. The pressure, volume and temperature of a quantity of gas 
are respectively 100 lb. per sq. in. abs., 3 cu. ft., and 302° F. ordinary 
temperature. A change of state results in the following, volume 9 cu. ft., 
temperature 50° F. What is the pressure? 

Note that no weight is given, hence we use equation (4). 

PiVx P,V, 

Ti ^ T, 



3 510 

= (100 X 144) X 9 X ^ 

= 3,210 lb. per sq. ft. 

= 22-3 lb. per sq. in. 

D 
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Example. The state of a quantity of gas enclosed in a gas engine 
cylinder at the beginning of compression is volume 1 -8 cu. ft., temperature 
80° C., and pressure 14 lb. per sq. in. What will be the temperature after 
the volume is reduced to 0-5 cu. ft., and the pressure raised to 105 lb. per 
sq. in.? 

Fig. 10 indicates the change on the P-V diagram. 



Equation (4) is again used. 

PiV, 


Ti 


T, 

Pi 
105 


Ti X X 


353 X , . 

14 X 

353 X 7-5 
3-6 ~ 


V, 

Vi 

X 144 


X 


0^ 

1-8 


144 

736° C. absolute 


= 736 — 273 = 463° C. ordinary. 

The student may note that the pressure ratio and the volume ratio are the 
important factors in this example, and the units chosen are immaterial. 


Example. The characteristic equation of a certain gas is PV = 98T, 
T being in centigrade degrees. Find the weight of this gas which occupies 
200 cu. ft. at 100 lb. per sq. in. abs. and 200° C. (ordinary temperature). 
Equation (7) gives the desired result. 

PV = h-RT 

PV 100 X 144 X 200 
.*. w-RT- 98 x 473 
= 62-2 lb. 

We may proceed thus: 

Vol. of 1 lb. of gas at 100 lb. per sq. in. and 473° abs. 

RT 
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v,= 


98 X 473 
100 X 144 


== 3-22 cu. ft. 


Density of gas wt. per cu. ft. = lb. per cu. ft. 

200 

Weight ~ volume x density = = 62-2 lb. 


Example, ihres pounds of gas at 120 lb. per sq. in. and 176° F. are 
placed in a cylinder. What is tne volume of the cylinder if the characteristic 
constant is 53-9? 

PV^, = RT 


vol. of 1 lb. 


Volume occupied by 3 lb. 


53-9 X 636 
144 


^ _ 

P ~ i20~x 
1*98 cu. ft. 

1-98 X 3 
5-94 cu. ft. 
volume of cylinder. 


Examples IV 

1. Air, occupying 12-4 cu ft. at 14-7 lb. per sq. in. pressure, is com¬ 
pressed into a space of 2-6 cu. ft. without change of temperature. What is 
the pressure? 

2. A room measures 30 ft. x 25 x 12 ft. The temperature of the air 
in the room is raised from 42-6° F. to 60-6° F. What volume of air at the 
higher temperature passes out of the room? 

3. A pound of hydrogen occupies 178-2 cu. ft. at 0° C. and 14-7 lb. per 
sq. in. pressure. What is the volume at 15° C. and 14-5 lb. per sq. in. 
pressure ? 

4. A gas at 0° C. and 14-7 lb. per sq. in. is said to be at normal tempera¬ 
ture and pressure (N.T.P.). Reduce 56 cu. ft. of carbon dioxide at 30° C. 
and 18 lb. per sq. in. to its volume at normal temperature and pressure. 

5. A volume of air, 12-39 cu. ft. at 32° F. and 14-7 lb. per sq. in. is 
raised to a temperature of 68° F. without change of pressure. Find the new 
volume, and the work done by the air during the expansion in foot-lb. 
What is the work done per degree rise of temperature in this case? 

6. The characteristic constant of hydrogen is 1,382 ft.-lb. per degree 
centigrade. A quantity of hydrogen occupies 89-1 cu. ft. at 29-8 lb. per 
sq. in. and 0° C, What weight of gas is present? 

7. The cylinder of an air compressor is 24 in. dia. and 4 ft. long. At the 
end of the suction stroke it is filled with air at 13-5 lb. per sq. in pressure, 
and at a temperature of 71*6° F. When 3 ft. of the compression stroke 
have been completed the pressure is 60 lb. per sq. in. Find the temperature 
of the air. 

8. The specific volume of oxygen at N.T.P. is 11-21 cu. ft. What weight 
of oxygen is contained in a cylinder 5 ft. long by 5 in. diameter when the 
pressure is 1,400 lb. per sq. in. and the temperature 15° C.? 



36 


HEAT ENGINES 


9. Calculate the volume of 15 lb. weight of air at 100 lb. per sq. in. 
absolute pressure and at a temperature of 25° C. 

If this air is now heated to 50° C. at constant volume, what will be its new 
pressure? R = 96 N.C.T.E.C. 

10. What is the law connecting the pressure, volume and temperature 
of 1 lb. of air, given that at atmospheric pressure (14’7 lb. per sq. in.) and 
at 32° F. the volume of 1 lb. of air is 12-39 cu. ft. Four cubic feet of air at 
a pressure of 30 lb. per sq. in. absolute and at a temperature of 95° F. are 
heated at constant volume. Calculate the number of units of heat added 
if the final temperature is 248° F. 

Specific heat of air at constant volume is 0-169. U.E.I. 

11. State separately and distinctly Boyle’s and Charles’s Laws. Give 
the rule relating the pressure, volume and temperature of a gas, which is 
derived from these laws, stating exactly the meaning of each letter, and the 
unit in which it is expressed. 

If at 0° C., and standard atmospheric pressure of 14-7 Ib./sq. in. the weight 
of dry air is 0-0807 lb. per cu. ft., obtain the value of the constant in the 
equation connecting the pressure, volume and temperature of a gas. 

If one ounce of air at a certain pressure, volume 88 cu in., and temperature 
13° C. be compressed to volume 48 cu. in. and the temperature raised to 
39° C., find the ratio of the final to the initial pressure. U.E.I. 

12. During a test of a gas engine working on the “ Otto Cycle,” 8,449 
cu. ft. of mixture (air and gas) at atmospheric pressure and at a temperature 
of 13-8° C. entered the cylinder per hour. The engine was running at 165-8 
rev. per min. and there was an impulse stroke every cycle; diameter of 
cylinder 14 in. and piston stroke 22 in. 

Determine the increase of temperature of the charge which took place 
during the suction stroke, assuming that ” wire drawing ” is negligible. 

U.L.C.I. 

13. The clearance volume of a gas engine is 750 cu. in., and immediately 
after explosion the temperature and pressure of the gases are found to be 
1,120° C. and 220 lb. per sq. in. abs. respectively. When the piston has 
swept a volume of 2,250 cu. in., the pressure is shown by the indicator 
diagram to be 48 lb. per sq. in. abs. What is the temperature of the gases 
in the cylinder at this point? 
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HEAT CHANGES IN GASES 

30. Introductory. In a former chapter, the quantity of heat 
absorbed or rejected by a gas under definitely prescribed 
conditions (constant pressure or constant volume) when its 
temperature changes, has been considered. Separately, in a 
succeeding chapter, the way in which the pressure, volume and 
temperature of a quantity of gas are related, no matter how the 
changes in these properties are produced, has been treated. 
These two aspects are now to be combined. Gases and vapours 
are used as working substances because they can readily absorb 
or yield up heat, and because the change in heat content produces 
changes in pressure and volume which are appreciable in 
amount. It should be understood, however, that the heat in the 
gas is the dominating factor, and that the pressure and volume 
changes are the results, which we find it convenient to use when 
the work is done in a cylinder. Consideration of the steam 
turbine shows that it is not necessary to obtain energy from a 
gas or vapour merely through its pressure, for in this case, 
change of momentum in the steam supplies the necessary 
propelhng force. 

The student is here warned against the common error of 
supposing that the pressure determines the energy contained in 
a working substance; that quantity depends upon the heat in 
the substance. 

31. Effects of Heat Supply to a Gas. When heat is supplied 
to a given weight of a gas, several effects are possible. The 
following three cases cover these possibilities and the third is 
capable of further sub-division. 

Case I. The temperature may rise without change in volume. 

37 
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The pressure will rise but no work is done since there is no 
movement. 

Case 11. The temperature may rise and the volume increase 
while the pressure remains constant. Work is done at the 
expense of some of the heat which is being added. 

Case III. The temperature, volume, and pressure may all 
change during the supply of heat. This is the most general 
case and requires extended treatment. 

Cases I and II are now considered in detail. 


32. Heating a Gas at Constant Volume. This case has 
been mentioned in article 20. Let us consider 1 lb. of gas. Let 
the initial state be denoted by the suffix (2) and final state by 
suffix (1). Let T be absolute temperature. 

Then heat supplied — 1 x Cv x (Tj — Tg) 

= C„ (Ti — T 2 ) heat units per lb. 

The PV diagram, fig. 11, shows 
this change of state. Note that there 
is no area under the “ curve ” and 
no external work is done. The 
heat supplied all enters into the gas 
and we may write 
Heat supplied 

= heat entering gas. 

= C,(Ti - T2). 


1 

V constant 

r ^ 

1 _ 

r 

) 





' Volume 


Fig. 11. 


33. Heating a Gas at Constant Pressure. In the cylinders 
a and b, fig. 12, we have 1 lb. of gas. The initial state is as in 
(fl) and the final state as in (b). Note that P is the pressure in 
both cases, hence the piston must be free to move. As the 
temperature increases the volume increases. In these circum¬ 
stances 

Heat supplied to 1 lb. of gas = 1 x sp. ht. at constant pressure 

X temperatiure rise = Cp x (Ti — Tg). 

The change in the state of the gas is shown in the P-V 
diagram, fig. 13. 

Owing to the increase in volume work has been done against 
external resistance, and the increase in volume is the direct 
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result of supplying heat. Work would not have been done if 
heat had not been added. 

Here we have the vital principle of all heat engines, viz. that 
work is done because heat is expended. 

If we know the initial and final volumes Vj and Vj then we 
know that 

External work done = P(Vi — Vg) ft.-lb. 

P 

= jr(Vj — V'a) heat units, 
where J = Joule’s mechanical equivalent. 



Fig. 12. Fig. 13. 


Here we may distinguish between the heat supplied to a gas 
and the heat entering a gas. 

The heat has all been received by the gas, but a portion has 
been transformed into mechanical work, and has not entered 
permanently into the gas. The heat which is retained in the gas 
is spoken of as Internal Energy; the remaining portion of the 
heat which has done work against external resistance or pressure 
is called External Energy. 

In this case we may say that 

Increase in Internal Energy 

= Heat supplied — Heat transformed into work. 

= C,(T, - T,) - ?(V, - V,) 

jikAMPLE. How much heat will be necessary to raise the temperature 
of 3 Ib. of gas from 200° F. to 500° F., the volume remaining constant 
during the heat supply. Sp. ht. at constant volume = 0-17, 

Heat required = 3 Ib. x 0-17 x (500° — 200°) 

= 3 X 0°17 X 300 = 153 B.Th.U. 
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34. Energy of Gases. The internal energy of a quantity of 
gas is the heat in it at a stated temperature, reckoned from some 
temperature chosen as a base. 

Experiments made by Dr. Joule led him to the conclusion 
that the internal energy of a gas was dependent on temperature 
alone. It does not depend on pressure and volume. The 
eternal energy, however, does depend on jpres^ire ancLvolume. 

Joule’s Energy Law for Gases. “ The internal energy of a 
given quantity of a gas depends entirely on temperature.” 

Generally we are not concerned with total internal energy 
but rather with change of internal energy. In calculations we 
may choose any suitable temperature as a base. In some cases 
we choose 100° C. as base, whilst in others, particularly with 
permanent gases, we calculate internal energies with reference to 
the absolute zero of temperature. 

Thus if 1 lb. of gas has an absolute temperature of Ta and it 
is raised to Tj, the increase in internal energy 

= C,(Ti - Ta). 

This is true no matter what happens to the volume, for 
Joule’s Law tells us that the internal energy depends on temper¬ 
ature alone. 

The external wor k done by a gas is the energy expended by 
the gas on outside matter in expanding against the constant 
pressure under which the gas exists. For doing this work heat 
is required, which must be supplied from some outside source. 

If we start from some temperature as a base, and raise the 
temperature to some definite value at constant pressure, we shall 

(1) put internal energy into the gas, 

(2) expend energy in doing external work. 

The first will be the internal energy gained by the gas and 
the second will be the increase of external energy of the gas, 
and the sum of these two quantities will be the total heat energy 
supplied. 

If T 2 be our starting or base temperature, and Ti the final 
temperature, we shall have 

Internal energy increase == C„(Ti — Tg) 

Total heat supplied == Cp(Ti — Tg) 

.-. C,(Ti - Tg) = C*(Ti - Tg) -f External work done. 
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Example. How much heat must be supplied to 3 lb. of gas to raise 
its temperature from 2WF. to 500''F. at constant pressure? Find also 
the external work done during the supply of heat. Specific heat at con¬ 
stant pressure = = 0-24. Cy = O""!?. 

Heat required = Weight x sp. ht. x temperature rise 

- 3 X 0*24 X (500 — 200) 

- 216 B.Th.U. 

Heat entering gas as internal energy 

^ Weight X sp. ht. at const, vol. x temp, rise 

= 3 017 X (500 - 200) 

- 153 BTh.U. 

External work done = (2lo — 153) B.Th U. 

- 63 B.Th.U. 

This should be compared with the last example. 


^ ^Example. The characteristic constant for a gas is 98 ft.-lb. per lb. 
per degree centigrade, and 2*2 lb. of 
this gas receive heat at constant 
pressure of 120 lb. per sq. in. abs., ^ 
the temperature rising from 30” C. cj' ^TTTpTTTT/ 

to 200” C. (ordinary temperatures) ^ ^ / 

as a result of the heat supply. If ^ ^ o 


0*17 for this gas, find (a) the 




increase in internal energy, (^>) in- ^ '' u 

crease in external energy, (c) increase O' -—JL 

in total energy. I^o/u/ne 

Fig. 14 shows the P-V diagram. 

Increase in internal energy — wt. x Cy (T 2 — Tj) 

- 2-2 X 0-17 X (473 — 303) 

= 2-2 X 0 17 X 170 - 63-6 C.H.U 

To find Vi. 

P,V,x = RTx 

RTi _ 98 X 303 
■ ■ ~ Px “ 144 X 120 

= 1-718 cu. ft. = specific volume. 

Vx = 1-718 X 2-2 = 3-78 cu. ft. 

V 2 may be found by using Charles’s Law. 

V,^ Vx 
T* Tx 

. V - 

• • V 2 — 

i 1 

3-78 X 473 

=-Iqj— cu. ft, == 5-9 cu. ft. 


cu. ft. == 5-9 cu. ft. 
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Increase in external energy = P(V 2 — Vi) 

= 144 X 120(5-9 - 3-78) 

= 17,280 X 2-12 

= 36,634 ft.-lb. = 26-17 C.H.U.' 

Total energy increase = 26-17 + 63-6 = 89-77 C.H.U. 

Note that the total energy increase is the heat supplied. 

We may thus proceed to calculate the specific heat at constant pressure. 

Total heat supplied == 89-77 C.H.U. 


= w X Cp X (Ta — Ti) 

- 2-2 X (473 - 303) x Cp 


=• 2-2 X 170 X C„ 


89-77 


2-2 X 170 


0-24. 


This example illustrates the general equation which may now 
be written 

Heat supplied = External work done -f Gain in Internal 
Energy. 

Let us now write the internal energy equation below the 
total energy equation. 

Total energy = 89-77 — w x Cp(T 2 — Tj) 

Internal energy == 63-6 = w x C^(T.2 — Tj) 

subtracting 26-17 === MCp — C.„)(T2 — T,) 


from which 


C 


26-17 


w(T, - Tj) 


26-17 
2-2 X 170 


= 0-07 C.H.U. 


= 98 ft.-lb. peT' degree. 

From this result it may be observed that the difference of 
the two specific heats is the same as the characteristic constant, 
when all units are in ft.-lb. or heat units. 


35. Gas Energy Equation. Summarizing the foregoing 
results we may say that on heating a gas we may 

(1) raise the temperature and therefore increase the internal 

energy, 

(2) raise the temperature and cause external work to be done, 

(3) cause external work to be done whilst the temperature 

remains constant. 
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All these results are covered by the gas energy equation given 
below. 

Heat supplied to gas External work done by gas + in¬ 
crease in internal energy of gas. 

This equation may be written in a negative form for heat 
abstracted as follows : 

Heat abstracted from gas .= Work done on gas + Reduction 

in internal energy of gas. 

In general applications of ihis equation any of the quantities 
may be negative relative to the others. 

Let H = heat added to a gas and — H heat abstracted, 
W = work done by gas and — W = work done on gas, 
E = gain of internal energy and — E = loss of internal 
energy. 

Then the equation can be written to cover all cases 
± H - ± W ± E. 

It is, of course, necessary in numerical work to give each 
term its appropriate sign. Thus, when volume is increasing, 
work is being done by the gas and W is positive ; when volume 
is decreasing, work is being done on the gas and W is negative ; 
when temperature is rising, internal energy is increasing and E 
is positive; when temperature is falling, internal energy is 
decreasing and E is negative. The proper sign can only be 
inserted when we know the circumstances in each case. 

The student should note that this equation is based upon, 
and is consistent with, the Principle of the Conservation of 
Energy. 

36. Relationship between Gas Constants. The last numerical 
example showed some relationship between specific heats and 
the characteristic constant. The general treatment i§ given 
below. 

In the reasoning which follows 1 lb. of gas is assumed. 

Let Ta == initial absolute temperature. 

Ti = final „ ” . 

J = Joule’s mechanical equivalent of heat. 

R = characteristic constant in ft.-lb. per degree. 

C^ = specific heat at constant pressure in heat units. 
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— specific heat at constant volume in heat units. 

V 2 “ initial volume in cu. ft. 

Vi final fy ,, ,, „ 

P = pressure in lb, per sq, ft. 

Now consider that heat is supplied to one pound of gas at 
constant pressure, so that work is .done by the gas and internal 
energy is gained. Then 

Heat supplied —- work done + gain in internal energy. 

P 

Cp(Tj — T 2 ) = j(Vi — Vg) + gam m internal energy. 

We have seen, article 34, that gain in internal energy 

^ C„(T, - T 2 ) 

C,(T, - T^) = j(V. - VJ + C,(T. - T,) 

(Note that J is introduced because all units must be either 
in ft.-lb. or in heat units.) 

C.(T, - T,) = C,(T. - T,) - j(V, - V,). 

Now from the characteristic equation PjVi = RTj and 
P 2 V 2 = RT 2 

and since the pressure is constant Pj = Pg = P 
.-. PVi - RTi and PVg = RTg 
.*. PVi - PV2 - RTi - RT2 
••• P(Vx - V2) = R(Tx - T2) 
j(V. - V,) = j(T. - TJ. 

Hence substituting 

C„(T, - = C,(T. - T,) - ^T. - T,) 

• r — r ~ 

• • ^1; j 
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/Example. 
respectively, 
in. absolute. 


The values of Cp and for a gas are 0-2375 and 0-1691 
Find the density of this gas at 15° C. and 14-7 lb. per sq. 


Density 

PV, 


1 


specific volume 
RT (article 28) 


Specific volume = 


Density 


P • 

RT 


lb. per cu. ft. 
14-7 X 144 


(0-2375 - 0-1691)1,400 X 288 
14-7 X 144 
95-76 X 288 


= 0-077 lb. per cu. ft. 


Example. A quantity of gas occupies 5 cu. ft. at 180 lb per sq. in. 
and 212° F. Find the change in internal energy if the temperature is 
increased to 572° F. Cp = 0-24 and Cy = 0-17. 

R = (Cp - Cy)J = (0-24 - 0-17) X 778 
= 0-07 X 778 = 54-4 


PV = wRT (article 28) 

•. = wt. of gas in lb. = 


PW 

RT 


= 3-55 lb. 


144 X 180 X 5 
54-4 X 672 


Change in internal energy = Cy(Ti — T^) x wt. 

= 0-17 X (1032 - 672) X 3-55 
= 0-17 X 360 X 3-55 
- 217-3 B.Th.U. 

' Example. A quantity of gas occupying 3 cu. ft. at 120 lb. per sq. in. 
receives heat at constant pressure until the volume increases to 6 cu. ft. 
The initial temperature is 200° C. and Cp = 0-237 and Cy = 0-169. Find 
the change in internal energy and the external work done during the heat 
supply. 

(TTiere are alternative methods of solving this problem which are 
instructive.) 

(i) R = (Cp - Cy)J = (0-237 ~ 0-169)1,400 = 95-2 ft.-lb. 

volume occupied 

Weight of gas =-rx ——i - 

specific volume 

o .. , RT 95-2 X 473 ^ ^ 

Specific volume = j20 "" 

3 

Weight of gas = ^ = 1-153 lb. 

Z*o 
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Final temperature (Ti) f;= 473x2 = 946° C. abs. 

Change in Internal Energy = x CyCTj — T^) 

== 1-153 X 0 169 X (946--473) 

= M53 x 0-169 X 473 
= 92-4 C.H.U. 

External work = Heat supplied — Internal energy gain 

- tvCp(T, - T,) - 92-4 

= (1-153 X 0-237 y 473) - 92-4 
= 129-5 — 92-4 = 37-1 C.H.U. 

(ii) The external work done may also be found as follows:— 

External work == P(Vi — V^) 

= 120 A 144 X (6 — 3) 

= 120 X 144 X 3 

- 51,840 ft.-lb. 

= 37 C.H.U. 

(iii) Again PV^ = wREi and PV 2 ^ wRTa. 

.-. PVi — PVs = m'RTi - H-RTa 

= M'X Rx (Ti — T2) 

== 1-153 X 95-2 X 473 
= 51,840 ft.-lb. - 37 C.H.U. 


Examples V 

1. Six pounds of gas at temperature 200° C. and pressure 120 lb. per 
sq. in. receive heat at constant pressure until the final temperature is 600° C. 
If Cp — 0-24 and Cv = 0-17, find the external work done during the heat 
supply. 

2. Five pounds weight of gas with specific heats as above receive heat at 
constant volume and the temperature rises from 150° C. to 400° C. How 
much heat is supplied ? The same weight of gas is now heated at constant 
pressure from 150° C. to 400° C. How much heat is supplied in this case? 
What becomes of the difference in the two cases? 

3. A cylinder contains 2 lb. of air occupying a volume of 18 cu. ft. at a 
temperature of 11° C. Later it has a volume of 5 cu. ft. and a temperature 
of 85° C. Find the increase in internal energy if Cv = 0-17. 

4. A gas has its temperature raised at constant pressure of 60 lb. per 
sq. in. absolute from 10° C. to 400° C. Its initial volume is 10 cu. ft. Find 
the external work done. 

5. The values of Cp and Cy for a gas are 0-239 and 0-169 respectively. 
Find the specific volume at 0° C. and 14-7 lb. per sq. in. absolute of this gas. 
What is its density ? 

6. A quantity of gas occupying 10 cu. ft. at 180 lb. per sq. in. absolute 
receives heat at constant pressure until the volume increases to 16 cu. ft. 
The initial temperature is 150° C. If Cp = 0-239 and Cy = 0-169, find the 
change in internal energy and the external work done during the heat supply. 
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7. A gas is heated at constant pressure from a temperature of 100° C. to 
400° C. Find the external work done per lb. of gas if R = 98. 

8. 2 lb. of gas at 15° C. and 30 lb. per sq. in. occupy a volume of 8-68 
%u. ft. If the specific heat of the gas at constant volume is 0-153, find the 

specific heat at constant pressure. N.C.T.E.C. 

9. Four cubic feet of air at a pressure of 300 lb. per sq. in. absolute and 

a temperature of 180° C. expand at constant pressure to a volume of 12 
cu. ft. Find the temperature at the end of the expansion and the heat 
absorbed. (Gas constant R = 96 ft.-lb. per lb. per degree C.; specific heat 
of air at constant volume = 0-17). N.C.T.E.C. 

10. State, clearly, what is meant by the “ characteristic constant ” for a 
gas. The volume of a receiver, containing a gas whose specific heats at 
constant pressure and constant volume are 0-238 and 0-169 respectively, is 
15 cu. ft. The temperature and pressure in the receiver are 15° C. and 
30 lb. per sq. in. absolute. What will be the pressure when 2 lb. of gas have 
been pumped into the receiver and the temperature is 15° C. ? 

U.L.C.I. 



CHAPTER VI 


EXPANSION AND' COMPRESSION 
OF GASES 


37. When a gas undergoes expansion or increases in volume, 
work is done by the gas. When a gas undergoes compression 
or decreases in volume, work is done on the gas. This may be 
illustrated by means of a cylinder fitted with a piston which 
allows no leakage and which is loaded with a number of weights 
as shown in fig. 15. 

The number of weights on the piston determines the pressure 

of the gas. Now remove the 
weights one by one. Reduction 
in pressure and, therefore, ex¬ 
pansion occur. Movement of 
the remaining weights on the 
piston has resulted and hence 
work has been done in lifting 
the weights. 

The curve AB shows the 
general outline of the curves of pressure and volume representing 
such processes. If the piston were started opposite B, and 
weights were added the gas would be compressed, and the 
descending weights would do work on the gas. In these changes 



Ratio of expansion = 
Ratio of compression = 


Volume at end of e xpansion 
Volume at beginning of expansion' 
Volume at beginning of compression 
Volume at end of compression 


Note that both ratios give a value greater than unity since 
the larger quantity is in the numerator. 

48 
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38. Laws of Expansion and Compression. The relationship 
between the pressure and volume of a given quantity of gas can 
generally be written 

PV" - C, 

where n and C are constants. This equation is known as the 
law of expansion or compression. The value of n is important 
and is controlled by the nature of the gas, and the circumstances 
under which the change takes place. Generally the value of n 
must be found experimentally. Some typical valves of n are 
giv en below. 

(1) Perfect gas expanding at constant temperature n = 1. 

(2) Perfect gas expanding without receiving or emitting heat 

C C 

n ~ pr- Usually denoted by 7, pr = 7. 

(3) Dry steam expanding, remaining dry throughout n = 

(4) Dry steam expanding, without receiving or emitting heat 
« = M35. 

When n has a value greater than unity, the curves of expansion 
and compression become steeper. Fig. 16 shows approximately 



/7-/ 

/7-rv? 

n^T'4 



what occurs during expansion, whilst | 
occurring during compression. 


shows the changes 


39. Working Form of Equation. The working form of the 
general law of expansion or compression is obtained by writing 
it for the initial and final states. 

Let suffix (1) denote initial state of gas (see fig. 18). 

»» »» (2) final „ ,, 

B 
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Then PiVi" - C, also P^Vg" - C. 

.-.PiV; -P2V2". 

Note that an expression such as V]" is not a volume but a 
mere number. 

Example. The pressure of a quantity of gas enclosed in a cylinder is 
100 lb. per sq. in. by gauge, and the volume occupied is 3 cu. ft. The gas 
expands according to the law PV^‘® — C until the volume is 12 cu. ft. Find 
the final pressure. 

Draw and dimension the P-V diagram as in fig. 19. 




Pressure given is by gauge, but the pressure used in the equation is always 
absolute. 

.*. Pj = 100 4- 14-7 = 114-7 lb. per sq. in. 

PjVii-® = PjVj*-® 



Note that the figure 4 is the expansion ratio, a mere number. 
1-3 X log 4 = 1-3 X -6021 = 0-7827 



6063 

114f! 

6-063 


18-9 lb. per sq. in. abs. 


18-9 — 14-7 = 4-2 lb. per sq. in. gauge. 


Example. The absolute pressure of a quantity of gas is 120 lb. per sq. in., 
and the initial volume is 1-5 cu. ft. The gas is expanded according to the 
law PV*-” = C until the pressure is 15 lb. per sq. in. absolute. Find the 
final volume. 
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Fig. 20 shows the P-V curve for the operation. 



0-854 log 8 == 0-854 x 0-9031 = 0-7713 

. 00.864 ^ 5.906 

.-. Vji = 5-906 X 1-5 = 8-86 cu. ft. 



Example. The “ charge ” in a gas engine cylinder is compressed through 
a volume ratio of 4i. Find the final pressure if the initial pressure is 13 lb. 
per sq. in. absolute and the law of compression is = C. 

= P*V*^ *' (fig. 21). 

VaV** 

yj 

_ 13x 4-5r**» 

1-29 log 4-5 = 1-29 X 0-6532 = 0-8426 
.*. 4-5"-** = 6-96 

.'. P* = 13 X 6-96 — 90-48 lb. per sq. in. abs. 

The above examples show the method of using the given 
law. In all cases the volume ratio or pressure ratio has been 
used. The lesser quantity has been made unity and this simplified 
the logarithmic work. 
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The whole equation may be put in logarithmic form thus— 
log Pi + n log Vj = log Pa -f n log Vg. 

By transposing we may find an expression for n. 

n log Vi — n log Va = log Pg — log Pi 
n(log Vi — log Va) = log Pa — log Pi 
• „ = log Pa — log P i 
log Vi — log Va 

Example. The following measurements were made of two points A and 
B on the expansion curve of a gas engine indicator diagram. 

Vertical distance of A above atmospheric line 1-44 in. 

»5 ® »» >> 0*33 in. 

Horizontal distance of A from zero volume line == 1*775 in. 

=r 4-*445 in 

9 > >> 99 ^ 99 99 99 99 ^ TT..' UX. 

The clearance volume was 140 cubic inches and the swept volume 400 
cubic inches. The length of the indicator diagram was 3'7 inches and the 



scale of the spring was 120 lb. per sq. in per in. Find the value of n in the 
law of expansion. Sketch and dimension the expansion line to illustrate 
the problem. 

We require to find the pressures and volumes at A and B (fig. 22). 

CD is the whole expansion line. 

Pressure = (1-44 x 120) + 14*7 == 187-5 lb. per sq. in. 

Pressure Pb = (0-33 x 120) + 14-7 = 54-3 lb. per sq. in. 

400 

Volume at A == Va = 1-775' x — ^^2 cu. in. 

= 0-111 cu. ft. 





EXPANSION AND COMPRESSION OF GASES 53 


Volume at B = Vb = 4-445'’ x = 481 cu. in. 

= 0-278 cu. ft. 

log Pa + n log Va = log Pb + n log Vb 
n (log Va — log Vb) = Jog Pb — log Pa 
«( log 0-111 — 10^0-278) = log 54-3 — log 187‘5 
«(T-0453 — 1-4440) = 1-7348 — 2-2729 


- 0-5381 

— 0-3987 


1-35. 


40. Work done during Expansion or Compression. The 

object of this article is to establish expressions for the work 
done when expansion or compression occurs according to the 
law PV" = C. The student who has not yet done sufficient 
integral calculus to understand the proofs may note the results 
and examples, and return to the proofs later. 

Two cases arise (1) when n — i (unity). 

(2) when n is not unity. 


Casel. WhenPV = C. 

Fig. 23 shows the curve of expansion from volume Vj to 
volume V 2 according to 


the law PV = C. We 
require to find the work 
done during the expan¬ 
sion. 

Let us consider a 
point where the volume 
is V and the pressure P. 
Let a very small increase 
8V in the volume occur. 
The pressure P will de¬ 
crease a very small 



amount, hence, (very 


Fig. 23. 


approximately). 


Work done during increase SV, in volume, = P.SV. 

When SV becomes infinitely small we may adopt the calculus 
notation and write 

</W = P.^/V where W = work done. 
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Total work done during expansion 


fVa 

= W = P.dW. 



C(log«V 2 — log^Vj) 

But C - PV 

W - PV(log,V 2 - log.V,) 

Vo 

= PVlog,;^^ 

V2 

— = expansion ratio = r 
Work done — PV log«r. 

If we are dealing with 1 lb. of gas PV becomes PV, which 
equals RT, hence 

Work done = RT log, r per lb. of gas. 

These results apply to compression also. 



Ro. 24. 


' '"^Example. A quantity of gas, occupying 3 cu. ft. at a pressure of 120 lb. 
per sq. in. absolute, expands until the volume is 12 cu. ft. according to the 
law PV == C. Find the work done during expansion. 

PiVi = P,V, -= PV (fig. 24). 
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Thus we can take any product of P and V which we happen to know. 
Work done = PiVi log, r 

, 12 

= 120 X 144 X 3 x>g.— 

= 120 X 144 X 3 X log, 4 
= 120 X 144 X 3 X 2-3026 X logio 4 
= 120 X 144 X 3 X 2-3026 X C-6021 
= 72,000 ft.-Ib. 

Example. The cbaracteristk constant for a gas is 53-7. ft.-lb. per degree 
Fahrenheit. One pound of this gas expands at constant temperature of 
392° F. through a volume ratio of 6. Find tlie work done. 

Work done per lb. ~ PV, log, r 
RT log, r 

= 53-2 X 852 X 2-3026 x logio 6 
= 53-2 X 852 X 2-3026 X 0-7782 
= 81,500 ft.-lb. 

Case II. When n is not unity, PV" = C (fig. 25). With 
the same notation and reasoning as in Case I we get 

t/W - v.dy 


.*. Work done = W = 


f V2 

P.r/V 

Vi 


PV" 



= CV-" 



This equation will give a positive result if Pi and Vi refer 
to initial state and expansion occurs. It will give a negative 
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41. Hyperbolic Expansion. When values of P and V are 
plotted from the equation PV = C, the curve obtained is known 
as a rectangular hyperbola, 
and expansion or compres¬ 
sion according to this law is 
said to be hyperbolic. This 
must not be confused with 
Boyle’s Law, for whilst ex¬ 
pansion according to Boyle’s 
Law is hyperbolic, there arc 
possible hyperbolic expan¬ 
sions which do not accord 
with Boyle’s Law. 

Any hyperbolic expansion curve may be readily plotted 
when one point on it is known. Take a point A, fig. 26, the 
co-ordinates of which are P^ and V^. To find a new point, 
double the volume and halve the pressure. Thus Vg == 
and Pb = ^Pa- 

Repeat the process taking three times the volume and J the 

pressure. In this way a 
large number of points 
may be obtained using 
the actual dimensions of 
Pa and Va on the diagram, 
A graphical construc¬ 
tion for finding the hyper¬ 
bolic curve is given in fig. 
27. 

Let O be the point of 
zero volume and pressure, 
and let A be the point 
given on the curve. 

Draw the horizontal AC where C represents a point 
immediately above the final volume. Drop a perpendicular 
from C. Join CO. Drop a perpendicular from A. From where 
this cuts the line CO, draw horizontally to B on CB. B is the 
required point on the hyperbola. Thus any number of points 
may be foyn^J. 
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42. Isothermal Expansion. An isothermal operation is 
one carried out at constant temperature, that is, in an isothermal 
expansion or compression the temperature remains the same 
throughout. Boyle’s Law assumes constant temperature of the 
gas, and hence expansion according to Boyle’s Law is isothermal. 
This is where some hyperbolic expansions differ from Boyle’s 
Law, for hyperbolic expansion is not necessarily isothermal, for 
example, the hyperbolic expansion of steam is not isothermal. 

Since temperature is unchanged it follows that in a perfect 
gas the internal energy is unchanged. Because, however, there 
is expansion or compression, work is done by or on the gas. 
The gas energy equation tells us (Art. 35) 

Heat added = work done + gain in internal energy. 

When the temperature does not change the last term becomes 
zero (Art. 34). 

Hence heat added = work done by gas. 

This means that during isothermal expansion the work done, 
expressed in heat units, is exactly equal to the heat supplied to 
the gas. With isothermal compression we obtain similarly. 
Heat abstracted = work done on gas. 

Thus heat is given out equal to the work done on the gas. 
We see, then, that the heat is immediately transformed into 
mechanical work or, on compression, the work is transformed 
immediately into heat. 


Example. A quantity of gas expands isothermally and receives 15 
C.H.U. or 27 B.Th.U. during the expansion. How much work is done? 
Work done = heat supplied 
= 15 C.H.U. 

= 15 X 1,400 ft.-lb. = 21,000 ft.-lb. 

Alternatively:— 

Work done = 27 B.Th.U. 

= 27 X 778 ft.-lb. = 21,000 ft.-lb. 


PxAMPLE. The amount of work expended in the isothermal compression 
of a quantity of gas is 70,000 ft.-lb. How much heat is given out from the 
gas during compression? 

Heat removed = work done on gas 


70,000 
“ 1,400 


50 C.H.U. 
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Example. A quantity of gas is compressed isothermally from initial 
conditions of 20 cu. ft. and 14-7 lb. per sq. in. absolute, to a final pressure 
of 102-9 lb. per sq. in. absolute. Find the work done on the gas. 

« . 102-9 , 

Ratio of compression = = 7 == r 

Work done == PV log, r 

= 144 X 14-7 X 20 X log. 7 
= 144 X 14-7 X 20 X 2-3026 x 0-8451 
= 82,850 ft.-lb. 

This, in work units, is also the heat emitted by the gas. 

43. Adiabatic Expansion. Another important special case 
of expansion or compression is that known as adiabatic. In 
this case the gas neither receives nor gives out heat. We may 
imagine the gas to be contained in some cylinder made of a 
material which is a perfect non-conductor of heat. The gas can 
then expand or be compressed, but no heat can either be given 
to or taken from the gas. Students very frequently misunder¬ 
stand the meaning of adiabatic expansion or compression. 
Taking first the case of expansion; here the temperature falls 
and there is loss of internal energy, but no heat is lost in the 
form of heat. Heat, however, is transformed into work and so 
the gas has given up heat in the form of work. 

The gas energy equation is again applied. 

Heat added = work done -f gain in internal energy. Since 
the operation is adiabatic no heat is added, hence the equation 
becomes 

0 = work done + gain in internal energy. 

.•. Work done = — (gain in internal energy). Negative gain 
is the same as loss. 

.*. Work done by gas = loss of internal energy. 

In the case of compression. 

Work done on gas = gain in internal energy. 

Hence the work done passes into the gas and increases its 
internal energy, thus raising its temperature. It has received no 
heat from any external heat supply, but it has transformed the 
work done upon it into heat. 

Example. The temperature of H lb. of gas at the beginning of an 
adiabatic expansion is 700° C. absolute, and at the end is 300° C. absolute. 
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Find the work done during expansion. Cv = 0-169. 

Change in internal energy = H x 0-169 x (700 — 300) 

= 11 X 0-169 X 400 
= 600 X 0-169 
= 101-4 C.H.U. 

.'. Work done = 101-4 x 1,400 ft.-Ib. 

= 141,960 ft.-lb. 

Note that if the given temperatures were in Fahrenheit degrees, the 
change in internal energy would be in B.Th.U. and the conversion factor 
would be 778 instead of 1,400. 


Example. A quantity of gas weighing 11 lb. expands from a pressure of 
120 lb. per sq. in. absolute to a pressure of 15 Ib. per sq. in. absolute, in 
such a way that the gas does not receive or reject any heat. The initial 
temperature is 200“ C. Find the work done and the change in internal 
energy. Cp = 0-24 and Cy = 0-17. 

RT 

Initial specific volume — — and R = i{Cp — Cy) 


.*. Specific volume 


1,400 X (0-24 — 0-17) X 473 
144 X 120 
1,400 X 0-07 X 473 


144 X 120 

— 2-686 cu. ft. at 120 Ib./sq. in. and 200“ C. 
Initial volume = 1-25 x 2-686 
= 3-36 cu. ft. 

Cn 

The value of n or ^ for adiabatic change = see Article 38. 

C-y 


r = 


Hence 


0-24 
0-17 


1-41. 




= 8'’-” X 3-36 
= 14-7 cu. ft. 


4-377 X 3-36 


Work done during expansion 
PiVi - P»Va 
n — 1 

144 X 120 X 3-36 — 144 x 15 x 14-7 
” 1-41 — 1 

58,200 — 31,880 26,320 

“ 0-41 

- 64,200 ft.-lb. 

« 45-8 CH.U. 


0-41 
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Final temperature is found from 

PiVx 


T, 




4-385 


X 473 


= 259° C. abs. 

Reduction in internal energy = 1-25 x 0-17(473 — 259) 

= 1-25 X 0-17 X 214 
= 45-6 C.H.U. 


This quantity is equal to the work done above. The slight difference of 
0-2 is due to slide rule error. 


44. If a gas is expanding and receiving heat, the curve 
will be above the adiabatic, and if losing heat, below the 
adiabatic (fig. 28). 



Expansion. 
Fig. 28. 



Volume 


Compression. 
Fig. 29. 


If the gas is being compressed, the curve lies above the 
adiabatic when the gas receives heat, and below the adiabatic 


whe^ heat is being rejected (fig. 29). 

" Example. Five cubic feet of gas expand in a cylinder from a pressure 
of 200 lb. per sq. in. absolute, and temperature of 300° C. to a pressure of 
25 Ib. per sq. in. absolute, according to the law PV‘-* = C. Cp = 0-238 and 
C„ = 0-169. Find the heat interchanged between the gas and the cylinder 


wall. 

To find the final volume. PiVi^-* 




X 5 


= 8®-“® X 5 = 5-676 X 5 
= 28-38 cu. ft. 
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Work done 


P,Vi - P2V2 
«— 1 

144 X 200 X 5 


144 X 25 X 28-38 


144,000- 


1 - 2 - 

102,000 


1 


“ 0-2 
= 210,000 ft.-Ib. 
Now find weight of gas. 

PV = h-RT 


150 C.H.U. 


PV 


200 X 144 X 5 


w = 


RT 1,400(0-238 
=. 2-6 lb. 

To find the final temperature. 

PiVi ^ P.Va 

“t, 

P2V, 


0-169) X 573 


Ti 

T, - 


25 28-38 

“ 200 ^ 5 ^ 

= 407° C. abs. 


5-676 

8 


X 573 


The temperature is lower than at the commencement, hence, internal 
energy is less. 

Reduction in internal energy = w x Cv(Ti — T 2 ) 

= 2-6 x 0-169 x (573 - 407) 

= 2-6 X 0-169 X 166 
= 73-0 C.H.U. 


Heat added = work done by gas -f gain in internal energy 
= 150 — 73 
= 77 C.H.U. 


Referring to fig. 16, it will be seen that the curve for « = 1-2 
hes between the isothermal, where n = 1, and the adiabatic, 
where n = 1*41. 

In the isothermal case, heat would be added equal to the 
external work done. In the adiabatic case, no heat would-be 
added. 

The case of this example is that where some amount of h| 
less than the external work must be added. 


Examples VI 

1. A quantity of gas, enclosed in a cylinder, is at ISO lb. per sq. in. bySi 
gauge and has a volume of 4 cu. ft. The gp expands according to the law 
pyi.u c mjtn tjjg volume is 10 cu. ft. Find the pressure after expansion. 
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2e Air at a pressure of 160 lb. per sq. in. absolute is confined in a space 
of 1’5 cu. ft. It expands according to the law = C until the pressure 
is 30 lb. per sq. in. Find the final volume. 

3. The same quantity of gas is found at different times during an 
expansion in the following two states:— {a) Pressure 160 lb. per sq. in. by 
gauge, volume 2-4 cu. ft,; (b) Pressure 40 lb. per sq. in. by gauge, volume 
7 cu. ft. Find the law of expansion. 

4. 4 lb. of air expand according to the law PV = 96T at an absolute 
temperature of 305^ C. The ex:)ansion ratio is 4. Find the work done 
during expansion. 

5. Steam in a cylinder is cut off at } stroke. The clearance space is 
0-25 cu. ft. and the swept volume is 3-5 cu. ft. Admission pressure, 80 lb. 
per sq. in. absolute. Assuming expansion according to the law PV ~ C, 
find the work done during the expansion. 

6. Air at a pressure of 180 lb. per sq. in. absolute and occupying a 
volume of 12 cu. ft. expands according to the law PV^*^ = C until its volume 
is 32 cu. ft. Find the work done during expansion. 

7. A quantity of air at 13*5 lb. per sq. in. absolute pressure and volume 
14 cu. ft. is compressed according to the law PV^*^ = C until the pressure 
is 80 lb. per sq. in. absolute. Calculate the work done on the air during 
compression. 

8. If 2 lb. of gas expand isothermally at a temperature of 14® C. with an 
expansion ratio of 5, determine the amount of heat in heat units which must 
be supplied to the gas. R == 96. 

9. An internal combustion engine has a clearance volume of 774 cu. ins., 
diameter of cylinder 15 in., stroke 19 in. Compression takes place according 
to the law == constant. 

The pressure at the commencement of compression is 14 lb. per sq. in. 
absolute and the temperature 100° C. Find the pressure and temperature 
at the end of compression. U.L.C.I. 

10. A motor-car engine has a diameter of cylinder of 3i in. and a stroke 

of 5 in. The clearance volume is 144 cu. in. Determine the compression 
ratio of the engine. If the temperature of the mixture at the commencement 
of compression is 60° C., find the temperature at the end of the compression 
stroke, assuming compression follows the law PV^’® = constant. Atmo¬ 
spheric pressure = 14*7 lb. per sq. in. U.L.C.I. 

11. At the commencement of the compression stroke of a gas engine 
^ tte pressure is 14*7 lb. per sq. in. and the temperature is 90° C. If the com- 
i^ pilission follows the law = constant, find the pressure and temperature 

‘f^ the gas when it is compressed to J of its volume. U.L.C.I. 

12. A gas-engine cylinder has a bore of 6i in. and a stroke of 12 in. 
I'he volume of the combustion chamber is 120 cu. in. At the beginning of 
♦he compression stroke the mixture enclosed has a temperature of 120° C. 
and a pressure of 13*5 lb. per sq. in. If the law connecting the pressure and 
volume during the compression stroke is = constant, find the pressure 
and temperature at the end of the compression stroke. 

State the laws of gases on which your determinations depend, U.E.L 
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13. One pound of a gas at a pressure of 15 lb. per sq, in. (absolute) and 
a temperature of 15“ C. is compressed adiabatically to 400 lb. per sq. in. 
(absolute). Assuming that PV = 96T, and that the index for adiabatic 
compression is 1'408, calculate the final volume and temperature. 

What is the ratio of compression and how much work has been done 
during the compression ? U.L.C.I. (A.) 

14. The characteristic equation of a certain gas is PV = lOOT, and the 
specific heat at constant volume is 0-175. One pound of this gas at a 
pressure of 75 lb. per sq. in. (absolute) is expanded from a volume of 6 cu. ft. 
to a volume of 36 cu, ft. and the equation of the curve of expansion is 

= constant. Find the number of C.H.U. interchanged between the gas and 
the cylinder walls during the expansion, and the direction of the flow. 

U.L.C.I. (A.) 

15. A gas had a pressure of 150 lb. per sq. in. absolute, its volume was 

160 cu. ft., and it weighed 119 lb. After adiabatic expansion to 15 lb, per 
sq. in. absolute, its temperature was 15° C., and its volume was 1,000 cu. ft. 
How much work was done per lb. of gas during expansion and what was 
the temperature before expansion? U.L.C.I. 

16. A gas container of 20 cu. ft. capacity contains gas at 500 lb. per sq. 

in. absolute and 70“ F. (21-1“ C.). The specific heats of this gas are Cp = 
0-218 and Cv = 0-155. If 10 lb. of gas arc discharged, determine (a) the 
volume occupied by the discharged gas at 100 lb. per sq, in absolute and 
40° F. (4-4° C.); {b) the weight and pressure of the gas remaining in the 
container; (c) the index y (in pvT = constant, for adiabatic operations) for 
this gas. U.L.C.I. 

/17. If 0-1 lb. of gas occupying 0-5 cu. ft. is expanded in a cylinder at a 
ronstant pressure of 160 lb. per sq. in. absolute until its volume is 1 cu. ft. 
and then expanded adiabatically to 5 cu. ft., find (a) the temperature of the 
gas at the end of each expansion; (b) the total work done; (c) the change 
in internal energy during the adiabatic expansion. The specific heat of the 
gas at constant pressure and constant volume may be taken as 0-254 and 
0-185. U.L.C.I. 

18. An oil-engine has a cylinder diameter of 15 in. and a stroke of 18 in. 

Assuming the pressure and temperature at the beginning of compression 
to be 15 lb. per sq. in. and 90“ C., and that the compression is according to 
the law PV« == C., find the clearance volume in order that the temperature 
at the end of compression may be 600° C. What is the compression ratio 
and what is the compression pressure? U.L.C.I. 

19. 10 cu. ft. of a gas at 15 lb. per sq. in. absolute and 20“ C. are com¬ 
pressed, according to the law PV^-® = constant, to a pressure of 150 lb. per 
sq. in. absolute. Determine for this gas (a) its weight; (b) the ft.-lb. of ; 
work done during the compression; (c) the change in internal energy, and 
(cO the heat rejected or absorbed (state which). Assume Cp = 0-249 and r 
= 1-4. 
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THE WORKING CYCLE 

45. Meaning of Cycle. A cycle may be defined as a series of 
operations, occurring in a certain order, which restore the 
initial conditions. When the series is complete the cycle may be 
repeated, the processes being repeated in the same order. 

The action of all engines is cyclic and may be represented by 
lines upon the field of a Pressure-Volume diagram, or 
Temperature-Entropy diagram (see Chapter XII). 

The cycles may be those of imaginary perfect engines, or of 
actual engines. In the former case they are called ideal cycles 
and in the latter actual cycles. Examples of ideal cycles are the 
Carnot or Constant Temperature cycle, the Otto or Constant 
Volume cycle, and the Rankine cycle. The ideal cycles are 
used as bases of comparison for the performance of actual 
engines. 

The cycles are often named in accordance with the conditions 
under which the heat is supplied ; for example, in the Constant- 
Temperature cycle the heat is received at constant temperature. 
In ideal cycles all accidental heat losses are prevented, and the 
working substance is assumed to behave like a perfect working 
substance, and to follow simple laws. 

46. The Carnot Cycle. This cycle consists of four simple 
operations, namely, Isothermal Expansion, Adiabatic Expan¬ 
sion, Isothermal Compression, Abiabatic Compression, carried 
out in the order given. The adiabatic compression brings the 
substance back to the same state as that in which it existed at 
the beginning of the isothermal expansion. 

The efficiency of the Carnot cycle is the maximum possible 
efiiciency attainable by a perfect heat engine using a perfect 
working substance. It is the ultimate standard of comparison 
T 65 
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for all heat engines. No engine works upon this cycle, because^ 
the mean effective pressure is low, and it is impossible to achieve 
the conditions necessary to carry out the cycle. 

The conditions of the Carnot cycle may be imagined to occur 
in the following manner. 



Fio. 30. 


One pound weight of a perfect gas is placed in the cylinder at 
S (fig. 30). The cylinder material is supposed to be perfectly 
non-conducting, except at the end. A source of heat H is 
supposed to produce unlimited heat at constant temperature. 
A non-conducting cover, I, and a sump for heat are also 
required. The sump is of infinite capacity, its temperature thus 
remaining constant. 

The temperature of H is Tj and the temperature of the 
working substance is also Tj when receiving heat from the 
source. The sump is at temperature T 2 and the working sub¬ 
stance has that temperature when rejecting heat to it 
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7. The following data were recorded during a boiler test: 

Duration of trial ........ 8 hours 

Boiler pressure, in lb. per sq. in. absolute . . . .183 

Temperature of air in boiler house ..... 88° F. 

Temperature of gases in chimney ..... 522° F. 

Temperature of feed water . . . . . . 59-9° F. 

Total feed water ........ 102,600 lb. 

Total coal. 10,738 lb. 

Contents of ash pans ....... 148 lb. 

Combustibles percentage of a-h pans contents . . 42-7 

Air used, per lb. of coal . . . . .17 1b. 

Determine: 

(a) The heat units used in generating steam from feed water per lb. of 

coal. 

(b) The number of heat units passing away up the chimney per lb. of 

coal. 

(c) The heat units represented by unburnt fuel per lb. of coal. 

(d) The thermal efficiency per cent. 

(e) By difference the heat units lost by radiation, imperfect combustion, 

etc., per lb. of coal. 

Given—The calorific value of the coal 14,300 B.Th.U. and the specific 
heat of the products of combustion 0-24. U.L.C.I. 

8. A steam plant consisting of a boiler, superheater and economizer 
generates steam at 200 lb. per sq. in. absolute. During a test 11,200 lb. 
of steam were generated per hour and 1,490 lb. of coal were burnt per 
hour, the calorific value of the coal being 12,100 B.Th.U. per lb. The 
temperatures of the feed water on entering and leaving the economizer 
were 91° F. and 264° F. The dryness fraction of the steam leaving the 
boiler was 0-97 and the temperature of the steam leaving the superheater 
was 613° F. 

Determine the overall efficiency of the plant and the percentage of the 
available heat utilized in the economizer, boiler and superheater respect- 
ively. U.L.C.I. 


9. State the principal sources of loss of efficiency in a boiler plant 

and the methods adopted to minimize these losses. A boiler generates 
50,000 lb. of steam per hour at 250 lb. per sq. in. absolute, superheated to 
a temperature of 561° F., from water at 75° F. If the calorific value of 
the fuel is 13,000 B.Th.U. per lb. and the boiler efficiency is 78 per cent., 
what weight of fuel is burnt per hour ? U.L.C.I. 

10. What do you understand by “ equivalent evaporation from and 
at 212“ F.,” and what is the significance of this quantity ? 

A coal fired boiler plant consumes 800 lb. of coal per hour of calorific 
value 14,000 B.Th.U. per lb. and evaporates 6,752 lb. of feed water per 
hour at a temperature of 112°F., into steam at a pressure of 160 Ib. per 
sq. in. absolute and temperature 523-6° F. Determine (a) the efficiency 
of the boiler plant, and (b) the equivalent evaporation from and at 212“ F. 

U.L.C.I. 







CHAPTER X 


THE STEAM ENGINE PLANT 

71. Essentials of a Steam Plant. In most of the preceding 
chapters, we have been dealing with the fundamental properties 
of gases and vapours in relation to the action of heat upon them. 

In the last chapter we have treated boilers for steam raising, 
since that subject followed naturally upon the question of steam 
generation. 

It is proposed now to deal in a general way with the equipment 
which is used in connection with a heat engine, using water 
vapour or steam as the working substance. 

The component parts of a modern plant are : 

(1) the feed pump, (2) the steam generator or boiler, 
(3) the engine, and (4) the condenser. 

In addition to these, there are auxiharies which assist these 
parts in better performing their respective functions. 

The engine mentioned in (3) above may be a reciprocating 
engine or a turbine. 

The relative arrangement of the components is shown in 
fig. 41, and it will be noted it is divided into three sections : 

(fit) The high pressure section on the left of OX. 

{b) The low pressure section between O'Y and O'Y'. 

(c) The engine section, between OX and OY, where the work 
is done and where the pressure falls. 

The condenser will generally need, as accessories, an extrac¬ 
tion pump to remove condensed water from the condenser, an 
air ejector to remove air which would otherwise accumulate, and 
a circulating pump to maintain a supply of condensing water. 
In greater detail, then, the functions of the principal parts are as 
follows: 


,108 




10 $ 




HEAT ENGINES 


110 

(1) The extraction pump and feed pump remove water from 

the low pressure section and force it into the boiler 
which is at high pressure. 

(2) The boiler produces steam with its high energy content. 

(3) The engine receives heat for the purpose of converting it 

into mechanical work. 

(4) The condenser is to maintain a low temperature and low 

pressure, thus increasing the amount of work which may 
be obtained per pound of steam. 

(5) The air ejector removes air from the condenser as fast as 
it enters. 

(6) The hot-well receives hot water discharged from the 

condenser, and serves as feed-water tank. 

To make allowance for losses due to blowing at the safety- 
valve and leakage into the atmosphere, it is necessary to add a 
small amount of water to the boiler supply. This is called the 
make-up feed, and is a very small quantity compared to the 
amount circulating in a well-controlled up-to-date plant. It is 
now the practice to close the feed system and de-aerate the 
make-up water before introducing it. This assists in reducing 
corrosion and in maintaining a high vacuum. 

72. The Reciprocating Engine. At this stage the student is 
expected to be familiar with the general arrangement of a 
reciprocating steam engine, and the details are best studied in 
connection with Engineering Drawing and Design. 

It is necessary to grasp, however, that it is in the cylinder of 
such an engine that the heat is converted into work. The rest 
of the engine is concerned mainly with changing the recipro¬ 
cating* motion of the piston into rotary motion, working the 
necessary valves, and controlling the speed by means of the 
governor. 

The steam is distributed to the cylinder by means of the 
admission valves which admit steam during an appropriate 
interval, and the exhaust valves which permit it to escape at the 
end of the useful stroke. There must be one admission and 
one exhaust valve for each side of the piston in a double-acting 
engine. This is quite apparent in the case of drop valves, 
Corliss valves and similar types, but it is not so apparent in the 



THE STEAM ENGINE PLANT 


111 


case of the common slide valve which is really four valves in one 
casting. Each edge corresponds to one single-purpose valve. 

In the uniflow engine the faces of the piston act as exhaust 
valves. 

The student at this stage is recommended to take any avail¬ 
able opportunity of studying technical journals and makers’ 
catalogues, with a view to becoming familiar with different types 
of engines and their detaib. 

73. Steam Movements. The events occurring for one side of 
the piston are as follows : 

(1) Admission of steam by opening inlet valve. 

(2) Cessation of steam supply, or “cut-off” by closing inlet 

valve. 

(3) Release of steam by opening the exhaust valve. 

(4) Compression of steam in the clearance space, after closing 

of the exhaust valve. 

These events are arranged so that there is appreciable move¬ 
ment of the piston between events (2) and (3). 



Here expansion occurs, when the steam gives up some of its 
internal energy. These events are shown by corresponding 
numbers on the diagram of fig. 42. 

When the steam is exhausted it is passed to the atmosphere 
in the case of a non-condensing engine, or to the condenser in 
a cond ensing engine. In the former type, the vi^ole of the^' 
indicator diagram lies above the atmospheric line as shown in) 
fig. 43. 
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A condensing engine diagram will lie partly below the 
atmospheric line as indicated in fig. 44, and in the low-pressure 
cylinder of a compound engine, the whole diagram is sometimes 
below this line. 



74. Condenser Function and Types. The function of the 
condenser is to maintain a low temperature. This is necessary 
to obtain the maximum possible energy from the steam and to 
secure high efficiency. This fact will be seen at once if the 
student has grasped the principle involved in Carnot’s Cycle. 
The condenser is the cold body to which heat is rejected. Low 
pressure accompanies the low temperature, and thus all con¬ 
densers maintain a vacuum under normal conditions. The 
lowest temperature ideally possible is that of the available water 
supply for condensing purposes. This is called the condensing 
water, or sometimes the circulating water. The condensed 
steam itself is called the condensate. The temperature of the 
condensate is higher on leaving the condenser than that of the 
circulating water at inlet. The condensate thus has a consider¬ 
able liquid heat reckoned from 32° F. It is discharged into the 
hot-well, whence the feed pump transfers it to the boiler. 



HYPOTHETICAL INDICATOR DIAGRAM 133 


Total expansion ratio 
Referred hyp. M.E.P. 


4 X 3 = 12 
Px{\ + log, r) 


— Pb 


120(1 + log, 12) 
12 


= 10(1 4 2-3026 X 1-0792) - 3 
= 34-9 — 3 — 31-9 lb. per sq. in. 

Probable referred M.E.P. = Jl-9 x 0-65 = 20-7 lb. per sq. in. 

Volume of L.P. cylinder x M.E.P. referred x strokes per min. — Work 

done per min. 

Vol. of L.P. x 20-7 X 144 X 2 X 75 - 300 x 33,000. 

300 X 33,000 


Vol. of L.P. - 


2 X 75 X 20-7 X 144 
33,000 


D3 - 


~ 20-7 X 72 

Let D = diameter in ft. of L.P. cylinder. 
Then 0-7854D“ x D = 22-1 

0-7854 
.-. D = 3-05 ft. 
and Stroke == 3-05 ft. 

22-1 

Vol. of H.P. cylinder = -y- = 

If = diam. of H.P. cylinder 
then 0-7854£/" x D = 7-36 

7-36 


22-1 cu. ft. 


= 28-15 


7-36 cu. ft. 




= 3-07 


0-7854 X 3-05 
d= 1-75 ft. 

Cylinder sizes are H.P. 1 -75 ft. dia., 3-05 ft. stroke. 

L.P. 3-05 ft. dia., 3-05 ft. stroke. 


Examples XI 

1. Using the method of Article 41, draw to scale a hypothetical indicator 
diagram for a steam engine whose stop-valve pressure is 120 lb. per sq. in. 
absolute, back pressure 17 lb. per sq. in., and cut-off i stroke. Find the 
mean effective pressure on this diagram. Use a pressure scale of 50 lb. 
per sq, in. per in. height of diagram, and let 3 in. represent the full stroke. 

2. By the same method as in example 1 draw a hypothetical indicator 
diagram for an expansion ratio of 12. Steam pressure is 180 lb. per sq. in. 
absolute and back pressure is 2 lb. per sq. in. Choose your own scale 
(not too small) and find the mean effective pressure. 
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3. Assume that example 2 applies to a cylinder of 20 in. diam. and 
36 in. stroke. Take a diagram factor of 0-8 and 120 r.p.m. as the speed 
of the engine, double acting, and calculate the probable I.H.P. 

4. Check the results of examples 1 and 2 by calculation. 

5. A two-cylinder double-acting steam engine has to develop 280 I.H.P. 
at a speed of 160 r.p.m. The pressure is 180 lb. per sq. in. absolute, and the 
back pressure is 2 lb. per sq. in. absolute. Cut-off occurs at f stroke and 
the diagram factor is 0-75. If the stroke is 1^ times the diameter, find the 
cylinder sizes. 

6. Assume the particulars in example 2 to apply to a compound double¬ 
acting engine of 75 I.H.P. with diagram factor 0-7, and speed 120 r.p.m. 
The cylinder ratio is 3 and the diameter and stroke of the low-pressure 
cylinder are equal. The strokes of both cylinders are equal. Calculate 
the cylinder sizes. 

7. Determine the size of the cylinder for an engine which is required to 
develop 200 I.H.P. at 250 r.p.m., when the initial pressure is 180 lb. per 
sq. in. absolute and the back pressure is 16 lb. per sq. in. Assume a hyper¬ 
bolic expansion curve, and a cut-off of 25 per cent, of the stroke. Assume 
a diagram factor of 0-8. Proportion of stroke to piston diameter = 4:3. 

N.C.T.E.C. 

8. Calculate the cylinder diameters and stroke of a compound engine 

to develop 600 I.H.P. under the following conditions:—Admission pressure 
170 lb. per sq. in. absolute; back pressure 2 lb. per sq. in. absolute; revolu¬ 
tions per min. 120; mean piston speed 720 ft. per min.; number of e-xpansions 
15; diagram factor 0-85; cylinder ration 3-5. N.C.T.E.C. 

9. Calculate the cylinder diameter and stroke of a four-stroke gas engine 

to develop 25 B.H.P. at 400 r.p.m.; assuming a mechanical efficiency of 
80 per cent., mean effective pressure 80 lb. per sq. in., ratio of stroke to 
cylinder diameter 1-5. N.C.T.E.C. 

10. Steam at an absolute pressure of 240 lb. per sq. in. is to be supplied 

to a triple-expansion engine having a total expansion ratio of 24. As¬ 
suming that the whole of the work is done in the low pressure cylinder, 
find the diameter of this cylinder in order that the engine may develop 
3,000 horse power at a speed of 105 r.p.m. Length of stroke 3 ft., back 
pressure 3 lb. per sq. in. absolute, and diagram factor 0-6. U.L.C.I. 

11. A double-acting single-cylinder steam engine is to develop 50 I.H.P. 

at a speed of 120 r.p.m. Steam pressure at admission 65 lb. per sq. in. 
absolute, cut-off 0-4 stroke. Stroke 18 in. Assuming a back pressure of 
16 lb. per sq. in. absolute and a diagram factor of 0-85, find the diameter 
of the cylinder. What would you expect the B.H.P. to be ? U.L.C.I. 

12. Explain the term “ diagram factor.” 

In a double-acting single-cylinder steam engine, the cylinder diameter is 
15 in. and the stroke 20 in. Steam is admitted at an absolute pressure of 
70 lb. per sq. in., and is cut off at 0-35 stroke, and the back pressure of 
15*5 lb. per sq. in. absolute. The B.H.P. at a speed of 150 r.p.m. is 60, 
and the mechanical efficiency is 81 per cent. Find the diagram factor for 
the engine. U.L.C.I. 
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13. Write down the formula for the determination of the mean effective 
pressure obtained from the theoretical (steam engine) indicator diagram. 
State the meaning of each symbol used and the assumptions upon which 
the formula is based. 

A single-cylinder double-acting steam engine develops 50 l.H.P. when 
running at 230 r.p.m. The cylinder is 9 ins. diam., and the stroke 13^ in. 
The steam is supplied at 75 lb. per sq. in. gauge, and the condenser pressure 
is 5 lb. per sq. in. The cut-off takes place at 0-625 stroke. Determine the 
value of the diagram factor. U.E.I. 

14. A two-cylinder compound double-acting steam engine is required to 

develop 180 l.H.P. in each cylinder. The average piston speed must not 
exceed 750 ft. per min. Given the following further data, find the stroke 
of the engine and the requisite diameter of the H.P. cylinder. Boiler 
pressure 80 lb. per sq. in. absolute. Pressure in L.P. steam chest 16 lb. per 
sq. in. absolute. Revolutions per min. = 125. Cut-off in H.P. cylinder at 
i stroke. Diagram factor, 0-85. U.E.I. 

15. If the ratio of volumes of the cylinders in a compound engine be 

1: 3i, the boiler pressure 90 lb. per sq. in. by gauge, the terminal pressure 
10 lb. per sq. in. absolute, and there is a drop in pressure of 5 lb. per sq. in. 
between the boiler and the engine, determine the point of cut-off in the 
H.P. cylinder. U.E.I. 

16. A locomotive has two cylinders each 20 in. diam. by 2 ft. stroke. 
The initial pressure of the steam is 250 lb. per sq. in. absolute, and the 
back pressure is 20 lb. per sq. in. absolute. The clearance volume is 7 
per cent, of the volume swept by the piston. Use a diagram factor of 0-85 
and calculate the indicated horse power developed by the engine when cut¬ 
off occurs at f stroke, and the driving wheels are making 120 r.p.m. U.E.I. 

17. A locomotive has three double-acting cylinders, each 18 in. diameter 
and 26 in. stroke. The steam supply pressure is 210 lb. per sq. in., exhaust 
pressure 25 lb. per sq. in. and cut-off takes place at 0-375 of the stroke. 
Determine the l.H.P. developed by the locomotive when running at 150 
r.p.m. Assume a diagram factor of 0-7. 

If the steam consumption is 32,000 lb. per hour at initial temperature 
of 546“ F., determine the indicated thermal efficiency of the engine. 

U.L.C.I. 


(Assume the feed temperature 126-1° F.—^Authors). 
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ENTROPY AND ENTROPY DIAGRAMS 

85. Entropy. Entropy is a very useful conception in heat 
engine theory. When understood it leads us to important 
results which, by other methods, can only be obtained much 
more laboriously. 

Entropy cannot be readily defined in physical terms, and 
hence the student is advised to follow carefully what is said 
concerning entropy, and the examples given in this chapter, 
with confidence that his conception of it w ill be come clear. 

All heat is not equally valuable for converting into work. 
Heat th at is put into a silbstance at a h igh temp erature has a 
heate r possibility of conversion into work than heat put i nto 
~Qie~su bstance at a lower temperature. ^ Entropy is a function of 
'“a~quantity of heat which indicates the po ssibillfv'of converting 
that h eat into work . When heat is added at a bign temperature 
^filfoiDv ip rirpflspTTs sm^ll ; when h eat is adddd at a low temper ¬ 
atu re entropy is greate r. .Thus, fo r^aximum entropy , we^Eave 
minim um^availabilitv for conversion intn~v^ fTc. F or minimum 
S5tr<y y, w e have maximum availability for ocnversion in to 
work. ■ ' ^ ~~ ~ ^ 

~~ 'Carn ot’s cycle shows us that the Meher the temperature of 
s upply of theTiea t. t he greater will be me efficiency, and he nce, 
t ^ greater will be the work don^ Entropy can in^catF this 
availability of the heat. 

If entropy be plotted horizontally, and absolute temperature 
be plotted vertically on a diagram during the addition of heat 
to a body, then we have the area of this diagram represent¬ 
ing heat. For any point on the curve it follows that 
/ Entropy change x Absolute temperature = Heat change. 

' 136 
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Hence, Entropy change = -r i T' change - 

Absolute temperature 

Another way of definin Rjentropy is to say that it is that therma l 
operty of a substance which remains constant w hen 


'st ance expands o r i s compressed adiahatica lly in n cylinder. 

86. Behaviour of EntropjQ^ En tropy increases when heat is 
sujpplied, whether temperaiure cBFnges-OT Jiot^ 

%tf2Py decreases whe n heat is r emo.Y ed whether tempera^ire 
“■changes or not. " ~ 

Entropy.remains co nstant in _aIL-a4iabatic frictionless 

processes.. 

Entropy increases if heat is lowered in temperature without 
work being done, as in a throttling process. 

Entropy increases if heat is degraded or reduced in availability 
by friction. 

The unit of Entropy is calledjjhe ‘IRank.” 


Example. 50 B.Th.U. of heat are supplied to a substance at a constant 
temperature of 600° F. absolute. Find the increase in entropy. 

Increase in entropy = — 

600 

— 0-0833 Ranks. 

This gives a working form for the definition of entropy. 
Entropy, like quantities of heat, must be reckoned from some 
specified datum of temperature, and for unit mass of substance. 

We are not often concerned with absolute units of entropy, 
but we require to calculate changes in entropy very frequently. 

Let 01 — final entropy, v/" 

02 = initial entropy. 

H = heat supplied in B.Th.U. or C.H.U. 

T = absolute temperature in ® F. or ° C. during the 
supply. 

Then when T is constant 0i — 0^ = H ranks. 


138 


HEAT ENGINES 


The number of units of entropy will be the same whether 
C.H.U. and ° C. are used on B.Th.U. and ° F., thus showing 
that the entropy depends only on the state of the heat supplied, 
as regards temperature. The actual quantity of heat and the 
actual temperature will be the same no matter in what units they 
are expressed. 


Example. Calculate the increase in entropy when 100 C.H.U. are 
supplied (a) at 500° C. absolute and (b) at 1,500° C. abs. 

100 

(а) ^ = 0 2 ranks. 

100 

(б) = 0 067 ranks. 

It is useful to note here the Carnot efficiency of this heat in 
the two cases, assuming the lowest temperature limit of the cycle 
to be 300° C. absolute in both cases. 


(a) Carnot efficiency = 

(b) „ 


500 - 300 
500 

1,500 - 300 
1,500 


^ 0-4. 

= 0 - 8 . 


Thus work available in case (a) ^ 0-4 x 100 = 40 
and „ „ „ „ (b) = 0-8 X 100 = 80 


C.H.U. 

C.H.U. 


87. Case of Isothermal Expansion. With isothermal 
expansion or compression the temperature is constant, and the 
heat supphed or removed is equal to the work done by or on 
the gas. 


01 — 02 


RT loge r 


for a perfect gas, R being in heat units per lb. in this case. 

Isothermal expansion in a vapour, when in the presence of 
the liquid, is always evaporation and then 

Amou nt of latent heat supplied 
^ ® ~ Absolute temperature of evaporation 

Thus entropy increase during evaporation of unit weight 

= ^ ranks. 
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The work done here is not equal to the heat supplied, because 
of the large amount of heat required to change the state from 
liquid to vapour. 

The two cases of entropy dealt with above are very simple 
ones, since temperature has been constant. It is now necessary 
to consider the change in entropy, when the temperature is 
changing during the supp'y or removal of heat. 


88. Change of Entropj . Let 1 lb. of substance be considered. 
Let 01 = final entrony, 0^ ~ initial entropy. 

Ti — final temperature, Tg = initial temperature. 

C = specific heat. 

The value of C will depend upon the nature of the substance 
and its state. It will be different for different substances and 
for different states of any particular substance. 


Let 8H = a small increment of heat supplied whilst the 
temperature remains sensibly constant at T. 

80 = corresponding increment of entropy. 


Then 


80 = 


SH 

T 


but 


8H = C.8T 


.*. 80 



The total change of entropy from Tg to Tj becomes 

fXi dT 

01 - 02 = C T 


J. 


c[log. t]^ 


To 


Ixg ” ^ tI' 

The two forms of entropy expression, viz. 


H ^ ^ , Ti 

— and C loge 

are the only forms met with and are very important. 
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89. Entropy of Steam. In this case, entropy is reackoned 
from 32° F. This means that the entropy in water at 32° F. is 
regarded as zero, but it is necessary to use absolute temperatures 
in entropy calculation. 

Let Tj = absolute temperature of superheated steam. 

T = „ „ „ generation of steam. 

0SS — entropy of superheated steam. 

Entropy added to water in raising it ^ from 32° F. (492° 

T 

absolute) to T° absolute ~ C log^ 


492' 

C for water is unity. 

Entropy added to steam during evaporation 


L 

f' 


Entropy added to steam during superheating = Cp logg 

where Cp — specific heat at constant pressure. Thus the total 
entropy added in all three stages 

T L 


0s« C loge 


4P2 'p -p • 


Example. Calculate the entropy of 1 lb. of water at 122° F. 
Zero entropy is at 32° F. or 492° absolute, 

T 

~ C lOge 


'492 

1 X 2-3026 X logic • 


582 


'492 

= 2-3026 X logic 1-182 
= 2-3026 X 0-073 
= 0-168 ranks. 

- Exampu. Calculate the change in entropy when water is heated from 
50° C. to 150° C. 

323 

^ivso = C log, ^ = 0-1672 ranks. 

423 

— C log, ^ = 2-3026 X logic 1-55 

= 2-3026 X 0-1903 
= 0-438 ranks. 


hIh 
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Education T - ^ diagram is also shown in fig. 58, and is copied 
by permission of the Controller of His Majesty’s Stationery 
Office, The base of the diagram is drawn at a temperature of 
— 460° F., or 0° F. absolute. The entropy of water is reckoned 
from 32° F., the ordinary freezing-point of water. 

Consequently, all lines constructed on this diagram lie above 
this level of temperature, ? e. above the line AE of fig. 53. The 
point A is the starting point t>f the diagram and ihe line AB is 
the entropy-temperature line for water. It is called the water 
line. This line is the I'urve plotted from the equation = 
T 

loge^^, assuming the specific heat of water to be constant and 

equal to unity. The highest point is fixed by the highest pressure 
for which the diagram is likely to be used. 

The three points Bg, Bj and B have values of temperature Tg, 
Ti and T respectively, and these temperatures, when substituted 
in the above equation, give the corresponding entropies of 
water. 


The steam line, CE, lies towards the right hand of the diagram, 
and slopes in the opposite direction to that of the water line. It 
can only be plotted when the water line has been set down. If 
evaporation be permitted to take place at temperature T, the 
latent heat at this temperature being L, the the length of the line 

L 

BC will represent the evaporation entropy ;p, which is the 


change in entropy during evaporation at the temperature T. 


Similarly, the lengths BjCj and BgCg will represent — and ^ 

ll 12 


respectively. 

The several lengths are set out from B, Bi and Bg and thus 
points C, Cl and Cg are obtained. A smooth curve drawn 
through these points is the steam line. 

The diagram may now be divided into three parts or fields. 

(1) The liquid or water field to the left of the water line. 

(2) The saturation field between the water and steam lines. 

(3) The superheat field on the right of the steam line. 
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91. Constant Pressure Lines in the Superheat Field. 

lines are plotted with 

entropy and temperature qL. 

as co-ordinates, the pres- / 

sure being constant _ T Vc _i ' 

whilst the steam is super- j- 

heated. The constant y 

pressure superheat lines - 

start from points on the * 0 ^ 

steam line such as C, 

and Cg. The lines, such ^ 

as CD, fig. 54, are 
plotted from the equa- 

Ts 

tion 4>s = Cp loge — 

using C as origin, and A -- 


These 


<f>g and (Tj — T) as co- Fio. 54. 

ordinates. 

One point D is shown, and similar points can be found up 
to any degree of superheat likely to be needed. The whole line 
ABCD, in fig. 53, is a complete constant pressure line. 

AB represents the supply of liquid heat. 

BC „ „ „ „ latent heat. 

CD „ „ „ „ additional heat for superheating. 

92. Lines of Constant Dryness and Constant Superheat. If 
the evaporation is not complete, the steam will be wet and the 
entropy less than that of dry steam. The shortage of entropy 
is proportional to the shortage of latent heat. The actual 

jcL 

evaporation entropy is now where x is the dryness fraction. 

Suppose that F, in fig. 55, represents the state of the wet steam, 
then length BF is proportional to the actual evaporation 
entropy. Hence 
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Thus, the point F lies on the line BC such that 
BF amount of latent heat supplied xL 

BC latent heat of the steam (dry) L ~ 

If points Fi and Fg divide the lines BjCj and BgCg in the same 
BF 

ratio then the points F,' F. and Fg are all state points for 

steam with the same dryness fraction, but at different 
pressures. 



A smooth curve drawn through such points is a line of con¬ 
stant dryness. 

The lines of constant superheat are plotted by locating points 
D, Di and D 2 on the constant pressure lines in the superheat 
field, starting from C, Ci and Cg, by making T, — T = T«i — 
Tj = Tg 2 — Tj. These lines are not often required, and conse¬ 
quently are not printed on the diagrams supplied at this stage 
of the subject. 

;93. Lines of Constant Volume. The curved lines AC, ACj 

L 
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and ACg shown in fig. 56 are lines of constant volume. (See 
also Art. 58). 

Let the specific volumes at P, Pj and Pj be V, Vj and Vg 
respectively. 

Then the volume represented by any point on the line AC 
must be V, that is, the volumes at C, Hj and H 2 are equal to V. 



During the evaporation of 1 lb. of water, at a given moment, 
the proportion of the 1 lb. of water, which has become steam, 
is the same as the proportion of the latent heat which has been 
given to the water. Thus, if a point on BjCi be taken, 
B H 

of the latent heat has been given to the water and thus 

JDiOi 

B H 

of a pound of water has become steam. If, then, 1 lb. of 

"iCj 

steam at pressure Pj occupies Vi cu. ft., the volume of steam 

B H 

represented by Hj is x Vi. 

X>i 

Make this equal to V, that is, let 
. V — X V 


BxH, V 

BiQ Vx 


then 
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if BjCi represents Vj, BjHi represents V. 

Hg may be chosen in a similar way to represent volume V at 
pressure Pg. Points thus located, when joined by a smooth 
curve, give a line of constant volume. Also for volume Vi, 
Hg' may be chosen on the pressure line Pg. 

Note that the volume of the unevaporated water is neglected, 
but it is relatively very small. The completed diagram is shown 
in fig. 57. 



Fio. 57. 

94. Scale of Diagram. Let 

St = temperature scale in ° F. per inch vertical. 
= entropy scale in Ranks per inch horizontal. 
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Then 1 square inch area = St X heat units. 

The area of the diagram represents energy in heat units, and 
work quantities may be found by measuring areas on this dia¬ 
gram, as in the case of the P - V diagram, but with this difference; 
in the P - V diagram the area must be multiplied by a work 
scale in foot-lb., whilst in the T - ^ diagram the area must be 
multiplied by a heat scale in heat units. 

The scales of the T - ^ diagram generally in use are 
entropy, 1 in. == 0-2 ranks. 

temperature, 1 in. — 25° C. intervals or 45° F. intervals. 

Thus 1 sq. in. ^ 0-2 x 25 = 5 C.H.U. 

or „ „ „ =0*2 X 45 - 9 B.Th.U. 

Example. The area of the diagram, representing a cycle plotted on the 
T-^ chart, is measured and found to be 14^ sq. in. Find the ideal work 
thus represented. 

Work represented - 5 x 14-5 = 72-5 C.H.U. 

or = 9 X 14-5 = 130-5 B.Th.U. 

or = 5 X 14-5 X 1,400== 101,500 ft.-lb. 

Example XII 

1. One pound of water at 212° F. is changed into dry steam at 212° F. 
Calculate the increase in entropy. 

2. Find the increase in entropy during the evaporation of 1 lb. of water 
at 356° F. 

3. What is the increase in entropy during the evaporation of 1 lb. of 
water at a pressure of 200 lb. per sq. in. absolute? 

4. Calculate the increase in entropy when 1 lb. of water at 59° F. is 
heated to a temperature of 356° F. 

5. Determine the entropy, reckoned from 32° F., when 1 lb. of water 
is changed into steam at 356° F. 

6. Steam has a pressure of 160 Ib. per sq. in. absolute and 85 per cent, 
dry. If it was formed from feed water at 104° F., what was the entropy 
added to it per lb. ? 

7. Reckoned from 32° F., what is the entropy in 1 lb. of steam at 60 lb. 
per sq. in. absolute with 180 degrees Fahrenheit of superheat? 

8. One pound of wet steam at 14-7 lb. per sq. in. has 1-6 ranks of entropy 
reckoned from 32° F. Find the dryness fraction and the volume of 1 lb. 
of the wet steam. 

9. Starting from a pressure of 130 lb. per sq. in. absolute read oflF from 
an entropy chart the dryness fraction of 3 cu. ft. of steam at pressures 
descending by 20 lb. per sq. in. to 30 lb. per sq. in. What is the line thus 
followed on the entropy chart called? 
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ui bs/pd ui -b«/‘pd ui'bt/p- 



Fig. 5«. 
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ENTROPY APPLICATIONS 

95. Ideal Steam Cycle. This is known as the Rankine 
Cycle and is the standard of comparison for all steam engines. 
It is carried out as follows : 

(1) One lb. of water is pumped into the cyhnder or boiler at 

pressure Pj. 

(2) Heat is supplied to raise the temperature of the water 

from feed temperature T^ to boiling temperature T|. 

(3) Latent heat is now supplied at Tj and evaporation takes 

place, shown by line B.D., 
fig. 59. 

(4) Heat supply is discontinued 
and the steam expands 
adiabatically until the pres¬ 
sure falls to the back pres¬ 
sure. This is known as 
complete expansion to dis¬ 
tinguish it from the expan¬ 
sion of the hypothetical 
diagram, which has a terminal pressure higher than the 
back pressure. This adiabatic expansion is represented 
by the line DE and at E the steam is wet. 

(5) The wet steam is condensed at pressure Pg until it is all 

water. The volume diminishes to that of 1 lb. of water 

<* 

and this stage is shown by EA. 

The cycle is now complete. 

The feed temperature in the ideal cycle is that of the con¬ 
densing steam in stage (5). 

The pressures Pi and P* are the upper and lower limits 
respectively, and the corresponding temperatures are Ti and Tj. 
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Comparing the Rankine Cycle with the Carnot Cycle for steam, 
it will be seen that the supply of heat to the water replaces the 
supply of energy to the wet steam by means of the adiabatic 
compression (see Art. 47) and that the isothermal compression 
is completed. 


96. Work done per Pound of Steam from P - V Diagram. 

Let Vi = volume of 1 lb. of steam at Pi shown at D. 

V 2 — „ „ ,, as shown ai E. 

n = index in the expansion law PV" = C. 

Work done in pumping and generation of steam is represented 
by area OBDH, 

= PiVi ft.-lb. 

Work done in adiabatic expansion is represented by area 
DEFH, 

P,Vi - P2V2 


n 


1 


ft.-lb. 


Work done by piston in condensation and compression is 
represented by area EFOA = P^Vj ft.-lb. 

Work done in cycle per lb. of steam 

PiVi - P2V2 
= PiVi + ' ' 


n — \ 

{n - l)PiVi -f PiVi 


- P2V2 

P 2 V 2 - (n - 1 )P 2 V 2 


n 


1 


n 


n — 1 
n 


(PiVi - P2V2) 


n- 1 

But PiVi” = P 2 V 2 ” 

Vi" ~ P 2 
Work done per lb. of steam 

-.Y. p.pA 


V, VP J 


n 
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The value of n for adiabatic expansion of steam is 1-135, as 
given in Article 38. 

If the above work is divided by Vj we obtain the work done 
per cubic foot of steam used. Thus 
Work done per cubic foot 



97. The Rankine Cycle on the Tl -<j> Diagram. The super¬ 
heated steam cycle is dealt with here because it is now the most 

common. If dry steam is used 



Fio. 60. 


the result is easily modified 
(see example worked in Chap¬ 
ter XIX p. 258). 

Starting with feed water at 
Ta and remembering that the 
diagram is drawn for 1 lb. of 
steam we have the initial state 
point at A (fig. 60). 

The liquid heat contained 
in this state is represented by 
the area OIAK, and in the 
ideal cycle the liquid heat is 
never less than this value. 

The stages in the cycle are : 

Stage (/). Liquid heat is 


supplied to raise the tempera¬ 


ture from Ta to Tj. The state point moves from A to B and the 
heat supplied is /ii — The area ABHI represents this heat. 


Stage (//). Evaporation now takes place. Latent heat is 
supplied at the temperature Tj and the state point moves from 
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B to C, This heat is represented by the area HBCG. To super¬ 
heat the steam, further heat is added and is represented by the 
area CDFG. 

The total energy at D is represented by the area of the diagram 
under the line KABCD, and the energy at A is represented by 
the area of the diagram under the short length of the water line 
KA ; both areas being measured down to the absolute tempera¬ 
ture base. 

Thus the area under ABCD, down to the absolute base, 
measures, to scale, the heat supplied, and is 

(/?! — H- Li + Cp(i3 — Tj). 


Stage (Hi). The steam in condition D expands adiabaticaUy 
in the engine cylinder to the pressure P 2 . As no heat passes 
into or out of the steam during this process, the entropy 
is not changed, but the temperature falls to T 2 , and hence, 
the process is represented by a vertical line on the diagram. 
The state point moves from D to E. The energy in the steam 
at E is represented by the area KAEFO and is less than the 
energy at D. The steam, too, is generally wet and has a 

dryness fraction see Article 92. 

Stage (iv). Condensation or Isothermal compression now 
occurs during which the steam is condensed at constant tempera¬ 
ture T 2 and constant pressure Pg until it is all liquid, the liquid 
also being at T 2 . The heat removed from it is XgLg, where 

_ ^ 

" AQ' 

The heat now remaining in the substance is that represented 
by the area OIAK, and is just the same as that contained at the 
commencement of the cycle. 

Work done in the cycle = Heat supplied — Heat rejected 
= Pi - / 12 ) + Li + C;,(T, - TO] - [x,L,] 

= [h, + Li + C/T, - Ti)] - [H, + X2L2] 

= H/ - HV 

where Hj' = total heat in steam in condition D. 
and H2 j> » • »j jj E. 


99 


99 


99 


99 
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Note that neither H/ nor Hg' can be taken directly from the 
tables. The steam table values must be corrected for superheat 
or wetness as the case may be. 

If the steam is dry, having no superheat, when expansion 
begins, will be the total heat as given in the tables. Hg' will 
still need to have the wetness taken into account. 

When the steam is wet at the beginning of the expansion, it 
will also be wet after expansion. 

In this case, both and Hj' will require correction. 

Total heat supplied in the cycle = heat at D — heat at A 

= H/—/Z2. 

Thermal efficiency on Rankine cycle 
work done in cycle 
heat supplied in cycle 


98. To Find the Dryness 
Fraction. The dryness frac¬ 
tion of the steam after 
adiabatic expansion (Stage 
iii. Article 97) may be found 
by drawing on an entropy 
chart the line DE, and 
finding the value, by meas- 

AE 

urement, of the ratio 

AQ 

In the absence of an en¬ 
tropy diagram the steam 
tables together with the 
adiabatic equation may be 
used. This equation is 
readily derived from the entropy chart. 

Let = entropy of latent heat at Tj 
= „ „ superheat at T, 

= „ „ latent heat at Ta 

= » » water at beginning of the cycle. 


Hi^ - Ha- 

H/ - h. 
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Entropy at E = Entropy at D 

^2^/9 + ^h- 9 = + ^/i + 4 >s 

^ _^Wj — ^Wl + ^/i + 

Xj — _ 

Yl2 

1 I L r’ 1 

log,— 4- ;jr -I- Cp log, 

T 

When there is no superheat and no wetness, the last terra 
disappears and 



When the steam at Tj has dryness fraction = Xi 



Example. Find the work done per lb. of steam on the Rankine Cycle 
between pressure limits of 100 lb. per sq. in. and 14-7 lb. per sq. in. Take 
n = 1*135. Also find the work done per cubic foot supplied. 


Values from steam tables are; 


P 

100 

14*7 


327*8 

212 


4*43 

26*8 


L 

889*7 

970*7 


V, 


=(r 

_ /"lOO V ' 

“ U4*7/ 


•186V, 


h 

298*5 

180 


X 4*43 


= 6*81“**“ X 4*43 
= 5*42 X 4*43 = 24*01 cu. ft. 


H 

1188*2 0*4742 1*6038 

1150*7 0*3122 1*7574 


Work done = ——vtPiVi — PaVa) 
n — 1 
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1 . 1^5 

= 57^(100 X 144 X 4-43 - 14-7 X 144 X 24-01) 

= 8-42 X 144(443 — 353) 

= 8-42 X 144 X 90 = 109,123 ft.-lb. 

109,123 

Work done per cu. ft. suppled = 

= 24,650 ft.-lb. 



Alternative Method 1. 

Work done per cu. ft. of steam supplied 

r ] 0 - 1 S 6 -I 

= 8-42Li 4,400 — 14,400^^ x 2,116»-»**J 
= 8-42(14,400 — 4,608 X 2-487) 

= 8-42(14,400- 11,460) 

== 8-42 X 2,940 
= 24,750 ft.-lb. 

(This is close agreement for slide rule values.) 

Work done per cubic foot of volume swept. 

This is the final volume, since there is no clearance. 

109,123 

Work done per cu. ft. = 

= 4,545 ft.-lb. 

Note that this result is numerically the same as the mean effective pressure 
expressed in lb. per square foot. 
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Alternative Method 11. 

By heat given up during cycle. Heat in 1 lb. of steam at C. (from tables) 
= 1188-2 B.Th.U. 



Fig. 63. 


Final dryness fraction at D 


Xd 


LoL 


Ti 


+ log. 


Ti 


] 


672 r889-7 , . 787-81 

" 970-7L787-8 2-3026 X logic ^^2 J 

= 0-693 (1-129 + 2-3026 log 1-17) 

= 0-693 (1-129 + 0-157) 

= 0-693 X 1-286 
= 0-893. 


Heat in 1 lb. of steam at D = 180 + 0-893 x 970-7 

= 180 + 867 
= 1,047 B.Th.U. 

Total work done = (1188-2 - 1,047) B.Th.U. 

= 141-2 

= (141-2 X 778) ft.-lb. 

== 109,800 ft.-lb. 


99. Rankine Cycle in terms of Temperature. An expression 
for the Rankine Cycle work and efficiency may be obtained by 
consideration of the T - diagram. 

Consider heat supplied (See fig. 60). 

AreaABHI = -/j^ = Ti - T^ 

„ BCGH = Li = ^„Ti 
„ CDFG - C^(T, - Tj). 
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Consider heat rejected. 

Heat rejected = X 2 L 2 = area AEFI 



0 1 H G F <t> 

Fig. 64. 


Work done on the cycle 

=T.-T2+L,H-C,(T,-T.)-T/log?^+^+C,log,0 

T, .p I TjLi TgLi 

+C,(T.-T.)-T/log. ^+C, log, 

=(Ti-Tj(l +^) +C,(T,-T.)-T,(log. ^+C, log, 0 

Dividing by the heat supplied gives the eflSciency of the cycle. 
This is a rather cumbersome expression and is only given here 
to enable the reader to recognize it as work done in heat units. 

Example. Find, from the T-^ diagram, the ideal work per lb. of dry 
steam and the Rankine efficiency between pressure limits of 120 lb. per 
sq. in. and 1 lb. per sq. in absolute. This example is intended to illustrate 
the use of the entropy diagram for finding work by areas. 
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Sketch and dimension a T-<^ diagram as shown in fig. 65, taking the 
dimensions from a Board of Education chart. 



The work done is proportional to the area ABCD and in finding this 
area AB may be taken as a straight line. , , i 

For a more correct estimate a number of ordinates may be taken along 


Area ABH = i- x 1-82 x 5-32 = 4-84 sq. in. 

„ BCDH = 5-32 X 5-48 == 29-15 „ 

Total area = 33-99 „ 

The scale of this diagram is such that 1 square inch represents 9 B.Th.U. 
.'. Work done = 33-99 x 9 


= 305-91 B.Th.U. 


Alternative Method. 

Note that the work could be obtained very quickly by the use of the 
diagram and steam tables as follows. 

7-24 

Final dryness at D = = 0-779. 


Heat in steam at C (from 

,, >> J» U ( 5, 


32” F.) = 1,191-4 B.Th.U. 

,, ) = 69-7 + 0-779 X 1036-1 

= 69-7 + 806-9 


= 876-6 B.Th.U. 


.'. Ideal work = 1,191-4 — 876-6 
= 314-8 B.Th.U. 
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Rankine Efficiency. 

Heat supplied is proportional to area ABCEG 

== 33-99 sq. in. + (7-24 x 12-46) sq. in. 

= 33-99 -f 90-2 
= 124-19 sq. in. 

= 1,118 B.Th.U. 

305-91 

--- = YYiy = 0-274 or 27-4 per cent. 

From the tables heat supplied = 1,191-4 — 69-7 = 1,121-7 B.Th.U. 
314-8 

.-. 1 ?^ = i 121-7 ^ 0-281 or 28-1 percent. 

The steam tables used are more modem than the T-^ diagram. This 
accounts for the discrepancies. 

100. Various cycles on P - V and T - ^ diagrams compared. 

Carnot Cycle (fig. 66) ; 

AB shows isothermal expansion. 

BC „ adiabatic „ 

CD „ isothermal compression. 

DA „ adiabatic „ 



The diagram thus becomes a rectangle. 

The work done is represented by area ABCD and heat supplied 
by ABFE. 
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Efficiency - 


area ABCD 
area ABFE 



In actual steam engines it is impracticable to expand the 
steam completely as in the Rankine Cycle. Expansion is 
stopped at such a point as C 
and the steam exhausted. 

Assuming that the pressure 
falls to exhaust or back pres¬ 
sure whilst the piston is station¬ 
ary, the P - V diagram becomes 
ABCDE, fig. 67. The line CD 
is evidently a constant volume 
line. Fig. 68 shows this modifi¬ 
cation on the T- <f> diagram. CD is the constant volume line 
passing through C, the point where adiabatic expansion is 
stopped. 

In both figures ABCDE 
represents the work and 
also CFD shows by how 
much this cycle falls short 
of the Rankine Cycle work. 

When the steam is not 
expanded at all, the con¬ 
stant volume line follows 
the course BG. In this 
case, the area ABGE simply 
represents the external work 
done during formation of 
the steam. 




101. Effect of Back Pressure. From fig. 69 it will be seen 
that, if the back pressure rises from P 3 to Pg with P^ remaining 
constant, a reduction in work will result. 

If expansion was complete to pressure Pj, then increase in 
back pressure to Pg causes loss at the widest part of the diagram. 
The reduction of work is proportional to the area shown shaded. 
This is the effect of decrease in the vacuum in a steam turbine. 
The steam turbine permits complete expansion. With a 


M 
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reciprocating engine, stopping its expansion at the terminal 

pressure Pf, the diagram follows a 
constant volume line from this 
pressure to the back pressure. The 
reduction in work, due to raising 
the back pressure, is then shown 
by the double shaded area. 

Fig. 69 shows (a) that the work 
done per lb. of steam in a recipro¬ 
cating engine is less than in a tur¬ 
bine, {b) that a slight variation in 
condenser pressure is not very 
serious in the reciprocating engine, but becomes a very impor¬ 
tant factor in the efficient operation of a turbine. 

Examples XIII 

1. Steam is admitted to a cylinder at 160 lb. per sq. in. absolute and 

expanded down to the back pressure of 17 lb. per sq. in. at which it is 
exhausted. Find the work done per lb. of steam, assuming the law of 
expansion to be = C. 

2. What would be the work done per lb. of steam if it were expanded to 
and exhausted at a back pressure of 2 lb. per sq. in. ? 

3. State clearly the processes of the Rankine Cycle. 

4. An engine receives dry saturated steam at 180 lb. per sq. in. absolute, 
and rejects its exhaust to the condenser at 2 lb. per sq. in. It works on the 
Rankine Cycle. Calculate the work done per lb. of steam and the efficiency. 

5. Steam at a pressure of 200 Ib. per sq. in. absolute and a temperature 
of 500° F. passes through an engine working on the Rankine Cycle. The 
condenser pressure is 1 -5 lb. per sq. in. Find the work done per lb. of steam 
and the efficiency on this cycle. 

6. Steam at a pressure of 120 lb. per sq. in. absolute and 90 per cent, 
dry is expanded adiabatically to 16 lb. per sq. in. absolute. Find both from 
the entropy chart and by calculation the dryness fraction after expanding. 

7. Steam at 100 lb. per sq. in. absolute with 90° F. of superheat is 
expanded adiabatically to 2 lb. per sq. in. absolute. Find the dryness 
fraction after expansion both by calculation and from the diagram. At 
what pressure will this steam be dry and saturated during the expansion? 

8. On the temperature-entropy chart with which you are supplied mark 
with the letters A, B and C the points which show the following states of 
1 lb. of water-steam: 

A at 374° F. and 95 per cent. dry. 

B at 100 lb. per sq. in. absolute and 60 per cent. dry. 

C at 50 lb. per sq. in. absolute and superheated to 428° F. 
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If a pound of water-steam receives 5-4 British Thermal Units of heat, its 
temperature remaining constant at 302° F., what is its gain of entropy? 
Steam at 228° F. 95 per cent, dry expands adiabetically to 176° F What is 
the condition of the steam at this temperature ? N.C.T.E.C. 

9. Mark on the temperature-entropy chart a line showing the expansion 
with constant entropy of steam from 120 lb. per sq. in., 95 per cent, dry, to 
5 lb. per sq. in. Measure off and write down the dryness and volume per 
lb, at the latter pressure. N.C.T.E.C. 



CHAPTER XIV 


VALVES AND VALVE GEAR 

102. Eccentric and Eccentric-rod Motion. The admission of 
steam to an engine cylinder, and its release to exhaust at the 
proper moment, are of great importance in the efficient working 
of a steam engine. Many different types of valves have been 
used for this purpose, and a large number of these types still 
survive. The slide valve, with its modification the piston valve, 
is the most important arrangement used in reciprocating engines 
for controlling the movement of the steam, and only this type 
will be dealt with in this chapter. The knowledge gained in a 
study of the slide valve should make it possible for the student 
to understand, from a simple description, the working of almost 
any other type. 

The shde valve is generally driven by a crank or eccentric, on 
the main shaft of the engine, through a connecting rod or 
eccentric rod. It is necessary to see what connection exists 
between the position of the crank or eccentric and the crosshead 
or valve. 

Let the eccentricity or “ throw ” of the eccentric be OA 
(fig. 70), and let AB be the length of the eccentric rod. As OA 
rotates about O, B will move backwards and forwards along 
the direction OB through a distance equal to 2 X OA = AA' 
= BB^ 

Take an intermediate position such as OC, then, if CD = AB, 
the distance moved by the valve attached to D will be BD. 
With centre D and radius DC draw the arc CM, then AM — 
BD = the distance moved by the valve. Now the eccentric 
rod is usually very long compared with the throw of the eccen¬ 
tric, and the curvature in the arc CM is consequently small, so 
small, in fact, that it may generally be taken as coinciding with 
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8. Describe with the aid of sketches: 

(а) Any type of reversing gear for a steam engine and explain its action; 

or 

(б) The general outline of any form of water-tube boiler, showing in 

detail the jointing of a tube with the steam drum. N.C.T.E.C. 

9. The travel of a slide valve is 3i in. and the lead i in. At the crank end 

steam is cut off at 0-75 and released at 0-95 of the stroke. Find for the crank 
end (a) the angle of advance (b) the maximum opening for steam, (c) the 
exhaust lap. The connecting rod is 6 cranks long. N.C.T.E.C. 

10. With the aid of sketches explain the terms steam lap, exhaust lap, 
and lead, as applied to a slide valve. 

The travel of a slide valve is 3^ in.; steam lap i in.; exhaust lap i in.; 
lead, i in. Determine the angle of advance and the crank positions at 
admission, cut-off, release, and compression. N.C.T.E.C. 

11. Explain, by reference to an outline diagram, the construction and 

action of Stephenson’s link motion. N.C.T.E.C. 

12. Explain carefully, with the aid of a sketch in each case, the effect on 

an indicator diagram of the following: (a) an increase of steam lap; (6) a 
decrease of exhaust lap; (c) an increase of lead. N.C.T.E.C. 

13. A simple slide valve is required to give a maximum port opening of 
H in.; the angle of lead is 6° and the cut-off is to occur at J stroke. Deter¬ 
mine the travel of the valve necessary, also the outside lap and the angle of 
advance. If compression is to occur at 90 per cent, of the return stroke, 
what must be the inside lap ? 

(You may assume that the connecting rod is infinitely long. 

U.E.I. 

14 . The slide valve of a vertical engine has a travel of 4 in. The lead at 
the crank end is 0-4 in., and the steam and exhaust laps at this end are 1 in. 
and 0-4 in. respectively. 

The steam ports in the cylinder face are li in. wide in the direction of the 
travel. The length of the connecting-rod is four times that of the crank. 
Find from these data: 

(a) The angle of advance. 

(b) Where cut-off occurs on the up-stroke. 

(c) Where release occurs on the up-stroke. 

(d) During what fraction of a revolution exhaust is open. 

(e) The maximum port-opening to steam at the crank end of the cylinder. 

(/) The maximum port-opening to exhaust at the crank end of the 
cylinder. 

And, by projection from your Valve Diagram, sketch the form of Indi¬ 
cator Diagram you would expect to get. U.E.I. 



174 


HEAT ENGINES 


13. The travel of a simple slide valve is 4 in.; the steam ports in the 
cylinder face are each U in. wide in the direction of the travel, and the 
connecting rod is three times as long as the crank. Draw up, and com¬ 
plete, a table similar to the following: 

Event. Head End Crank End. 


Cut-off. 0-7 stroke 0-7 stroke 

Release.0-9 „ 0-9 „ 

Outside lap. 

Inside lap. 

Maximum opening to steam 
Maximum opening to exhaust 

Lead.0-1 in. 

Angle of advance. 

How have the equal cut-offs probably been effected ? Is this satisfactory ? 

U.E.I. 
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The air may be warmed by bringing it in contact at some 
suitable point with the exhaust system or heat may be obtained 
from the circulating water. 

Examples XVI 

1. Why is the term “ internal combustion ” applied to certain types of 
heat engines? 

Which of the following ?Pe internal combustion engines: gas engine, 
steam turbine, hot-air engine, petrol engine, reciprocating steam engine, 
Diesel engine, gas turbine ? 

2. Describe the opera: ions of the four-stroke and two-stroke cycles as 
applied to a gas engine. 

3. What are the relative advantages and disadvantages of the four-stroke 
and two-stroke cycles? 

4. Explain carefully why it seems reasonable to compare the performance 
of a gas or petrol engine with the air standard cycle. 

5. Why is a carburettor necessary to a petrol engine, whilst no similar 
device is used in conjunction with a gas engine? 

6. The cylinder bore of a petrol engine with six cylinders is 70 mm. 
Calculate its H.P. according to the R.A.C. rating. What important details 
affect the actual horse power which the R.A.C. formula does not take 
into account? 

7. Explain generally or, if you prefer it, in relation to some particular 
make, what is the function of a carburettor and how it carries out that 
function. 

8. What are the most common methods of governing the speed of small 
gas engines? Illustrate your answer by means of neat sketches. 

Sketch carefully a good representative indicator card for a gas engine 
of the four-stroke cycle type. Show on the diagram, by dotted lines, tho 
variation you would expect: 

(a) If the ignition were too early. 

If the mixture were too rich. U.E.I. 

Sketch neatly and describe a modem type gas producer. 

Explain how producer gas is made. 

It is said that if the process merely oxidized carbon to carbon monoxide, 
and there were no heat losses, the efficiency of the producer would be 
at least 70 per cent. Explain this. U.E.I. 

10. Describe the series of operations known as the Otto Cycle. Describe, 
with the aid of an outline sketch, one method of governing an internal 
combustion engine. N.C.T.E.C. 
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HEAVY OIL ENGINES 

126. Introduction. Heavy oil engines constitute a very 
important class of internal combustion engines. These engines 
use residual oils, heavy mineral oil in the unrefined or crude 
state, and tar oils obtained from the distillation of solid fuels. 
On this account they are sometimes called crude oil engines. 
They differ from petrol and paraffin engines in the method of 
initiating combustion. In heavy oil engines the fuel is not 
induced during the suction stroke, but is forced in by means 
of a pump towards the end of the compression stroke. By this 
means, pre-ignition is made impossible and dangerous pressures 
are avoided. Tliis permits of the compression in crude oil 
engines being much higher than in engines using the lighter 
fractions, and inducing the oil through a carburettor or 
vaporizer. Thus the thermal efficiency is higher. 

127. Classification. An exact classification of oil engines is 
not a simple matter as the various types merge into each other. 
An approximate classification is as follows : 

(1) Low compression engines, based on the Hornsby- 

Ackroyd engine. 

(2) Medium compression engines, or cold-starting crude oil 

engines. 

(3) High compression, or Diesel engines. 

The high and medium compression engines have no ignition 
device of any kind, and are known as compression-ignition 
engines. The reason for this term is that the compression of the 
air on the compression stroke, which is approximately adiabatic, 
is carried on until the temperature of the air rises well above the 
ignition point of the fuel oil. Thus ignition devices, like 
sparking-plugs, magnetos, coils or lamps, are dispensed with. 
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128. Low Compression Engines. In the low compression 
type the heavy oil is heated in a vaporizer, by heat externally 
applied, before entering the actual cylinder. The oil may be 
injected either at the commencement of the suction stroke, or 
towards the end of the compression stroke. In the former case, 
the oil vapour and air are compressed into the vaporizer. The 
combined iieating effect of the vaporizer and the compression 
raises the temperature to ignition point, and produces the 
combustion, no spaik being required as with the light oil 
engine. The compression pressure in this type of engine is 
from 50 to 100 lb. per sq. in., depending upon the ignition 
point of the oil used. The combustion takes place approxi¬ 
mately at constant volume. 

When the oil is injected towards the end of the compression 
stroke, the compression pressure may be carried higher without 
risk of pre-ignition. If, however, the fuel valve leaks, dangerous 
pressures may be produced due to pre-ignition, but this 
applies to all pure compression-ignition engines, where the 
compression pressure is unassisted by hot surface, hot bulb, 
or lamp. 

In the well-known Fetter engines the vaporizer is modified 
to a hot bulb, which is an uncooled portion of the combustion 
chamber. 

The hot-bulb engines are sometimes referred to as semi- 
Diesel engines ; an incorrect term since there is nothing similar, 
about the engines except that they use the same type of fuel, 
and that air alone is compressed. 

The vaporizer and hot-bulb types of engine follow the 
Ackroyd principles of low compression and constant volume 
heat supply. The Ackroyd engine made its appearance in 
1889 and was intended to operate on the constant volume 
thermal cycle. 

129. Medium Compression Engines. These engines may 
be called “ sprayer ” or airless injection engines, but there 
are also airless injection engines in the high compression 
class. 

In the medium compression engine the oil is atomized by 
means of a fine nozzle sprayer, supplied with oil at high pressure 
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from a pump of the ram type. With a sufficiently high hydraulic 
pressure, a fine bore orifice produces a high degree of atomi¬ 
zation, and by suitably arranging the position of the nozzle in 
the combustion chamber, good penetration of the oil mist into 
the high temperature air, turbulence, and complete combustion 
are secured. Pressures in this type of engine at the end of 
compression are round about 350 to 450 lb. per sq. in. The 
oil pressure in the pump system is from 1,200 to 1,500 lb. per 
sq. in. Special arrangements of nozzles, pistons and passages 
to produce turbulence when ignition occurs, form the subjects 
of many patents, and constitute the difference between crude 
oil engines from different makers. These arrangements have 
considerable effect upon the running qualities and efficiency of 
the engine. 

The combustion takes place in these engines partly at constant 
volume, and partly at constant pressure, with the result that a 
good mean effective pressure is secured without unduly high 
maximum pressure. Engines in which this feature is prominent 
are said to work on the principle of Dual Combustion. 

130. High Compression Engines. Sometimes known as 
airless injection, or compression-ignition engines, these engines 
are of the sprayer type, but the compression pressure is higher— 
450 to 550 lb. per sq. in. The fuel supply is controlled to produce 
combustion approximately at constant pressure. No ignition 
device is fitted. 

The general design of these engines is similar to that of the 
Diesel engine. This class of engine has made very rapid progress 
and appears certain to be the leading type in the future. The 
main difference between this engine and the Diesel, which is 
described more fully in Article 132, is that no air compressor is 
used. The fuel is injected by means of a ram pump accurately 
timed. It is a type of engine largely used for marine work and 
power stations, and, at present, is being largely used for 
mechanical road transport. It is thus becoming a competitor 
of the petrol engine. Its advantages as compared with the 
petrol engines are absence of fire risk and ignition system. 
In small units it is largely used for driving ship lighting 
sets. 
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131. Nomenclature. There is no uniformity or agreement 
as to the title by which heavy oil engines are to be known. 
Various terms are in use such as, semi-Diesel, solid injection, 
mechanical injection and airless injection. 

The term semi-Diesel is applied indiscriminately to crude oil 
engines following the principles of Ackroyd Stuart’s patents, 
and to high compressio'i engines using pump injection. The 
latter approach more nearly to the true Diesel, both in mechani¬ 
cal construction, and thermo-dynamic cycle. 

The term “ solid ” often gives a wrong impression, because 
the oil is not injected in a solid form nor in a solid stream. In 
fact, the very opposite is aimed at. 

The terms “ airless-injection, compression-ignition ” or 
“ airless-injection assisted compression-ignition ” appear to 
comprehend the principal features of the main types, but these 
are cumbersome titles. 

Another term coming into use is that of “ cold-starting.” 
A cold-starting oil engine is one which does not require a 
blow-lamp or heater to be applied to a portion of the com¬ 
bustion chamber before the engine can fire. 

Cold-starting engines are usually of the medium-compression 
airless-injection class, but Messrs. Vickers-Petter manufacture 
an engine which is cold starting and has low compression. 
It operates on the two-stroke cycle. 

132. The Diesel Engine. This engine is unique in many 
ways. It was the outcome of experiments by Dr. Rudolf 
Diesel, and was originally intended to use cqal»du&t-in the 
cylinders and work on the Carnot Cycle. So great were the 
difficulties, that both these ideas were abandoned very early. 
The Carnot Cycle gives very low mean effective pressures, no 
matter what the maximum pressures may be, and consequently 
a massive engine would be needed for but low power. To 
overcome this difficulty, Diesel conceived the idea of complete 
adiabatic compression and combustion at constant pressure. 
The engine, thus constituted, quickly showed its possibilities and 
is now manufactured all over the world. The first engine made 
in this country was built in 1897 by Messrs. Mirlees Watson of 
Glasgow. 
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J’he essential features of the Diesel engine are : 

(1) The oil fuel is ignited by compression alone. 

t2) The fuel injection is by means of compressed air. 

(2) The combustion is regulated so that there is no appreciable 

rise in pressure during injection. 

(4) The combustion commences as soon as injection begins 
and continues so long as injection is carried on. The 
combustion begins immediately the oil reaches the 
compressed air in the working cylinder. 

The compression pressure varies fromvSOO to 700 lb. per sq. 
in., and the blast air pressure from 800 to 1,000 lb. per sq. in. 
There is no explosive effect in the cycle, and this feature makes 
for quiet and smooth running. 

^^-^he heat is liberated by combustion at constant pressure, 
and at exhaust opening it is removed at constant volume. 
Thus the thermal cycle has the essential features of constant 
pressure heat supply and constant volume heat rejection. 

133. The Ideal Diesel Cycle. The cycle described is the 
four-stroke cycle and is carried out as follows : v-' 

(1) Air alone is drawn into the cylinder from A to B (fig. 86). 

(2) Air alone is com¬ 
pressed adiabat- 
ically to high 
pressure shown 
byBC. ^ 

(3) At the end of com¬ 
pression, fuel oil 
is sprayed in by 
means of com¬ 
pressed air and 
ignites at once. 
It continues to 
burn at constant 

pressure until fuel supply is cut off at D. 

(4) From D the gases resulting from combustion expand 
^iabatically to the end of the stroke, shown by DE. 

(5) The pressure at E is now greater than that at B and 
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exhaust occurs E to B, which is equivalent to removing 
heat at constant volume. 

The thermal cycle is complete at B and the mechanical 
cycle is completed in the fourth stroke B to A. The operations 
of the therm al c ycle- are thus : 

(1) Adiabatic compression. 

(2) Heat Supply at con^-ant .>ressure. 

(3) Adiabatic expansion. 

(4) Heat rejection a( jr>nstani volume. 

The efficiency of th<‘ ideal Diesel cycle may be obtained in 
exactly the same way as the Cainot Cycle efficiency, i.e. by 
applying the principle of the conservation of energy. Let the 
figures in fig. 86 become suffixes, and^ consider 1 lb. of ideal 
working substance. 

Then heat received from C to D = CpCTs — Tg). 

„ „ rejected „ E „ B = C^CT, — Tj). 

.-. Ideal work = Heat supplied — Heat rejected. 

.•. Work done per lb. of substance in ideal cycle 
C,{T, - T^) - C,(T4 - T,). 


Hence the thermal efficiency — 


work done 
heat supplied 


_ C,(T3 - T,) - C,(T, - TO 
Cp(T3 - T,) 

_ . C„ (T, - T,) 

C^(T3-T3) 

1/T4-Ti\ . 

It can be shown that this efficiency may be written in terms 
of the ratio of compression, and the cut-off ratio. 


Let p = cut-off ratio 


V^' 


7 = index of expansion and compression laws 

vyr = c. 


r — ratio of compression = 


Vj 

Va 


V 4 

Va’ 
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Then ijideal = 1 — . - 

When this equation has 7 = 1-41 substituted, it gives the 
air standard efficiency of the Diesel cycle, which is less than 
that of the Otto Cycle. 

134. Mechanical Considerations. The compression ratio 
in Diesel engines varies from 14 to 18. It has been mentioned 
that the blast air is from 800 to 1,000 lb. per sq. in. pressure, 
and this is provided by a two-stage or three-stage compressor. 
This compressor is often built on the engine frame, and serves 
to provide starting air as well as blast air. The blast air is that 
which injects and atomizes the oil. The atomization of the oi, 
is secured by smashing it through a series of perforated platesl 
separated from each other by distance pieces. The per¬ 
forations are staggered, with the result that the fuel and blast- 
air form an oil fog, which thoroughly penetrates the high 
temperature compressed air with considerable turbulence. This 
brings about complete combustion. The amount of oil 
admitted is controlled by the fuel pump and by the time of 
opening of the needle fuel valve, and is always less than the 
amount which would require all the oxygen in the air charge. 

The blast air, expanding through the needle fuel valve, is 
reduced in temperature by the expansion and therefore cools 
the compressed air. To maintain a self-ignition temperature 
in this type of engine, it is necessary to compress through a 
greater range than would be the case if this cooling did not 
occur. The air compressor adds to the cost and reduces the 
mechanical efficiency of the complete engine. It is the custom 
in this country to take the work expended on the air compressor 
into account, when calculating the mechanical efficiency of the 
engine. The air blast contributes a small amount of work to 
the piston during expansion. A fuel pump is used to pump the^ 
oil into the high pressure region occupied by the blast air. 
The oil rests by gravity upon the bottom of the injection valve 
chamber until it is blown in by the air. There is not hydraulic 
continuity in the oil supply system. 

The arrangement of the Diesel engine is vertical and there - 
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are four valves in the cylinder head. This makes it complicated 
and considerable trouble arose in the early stages from cracked 
cylinder heads. With greater knowledge of temperature stresses, 
and flow and distribution of heat, these difficulties have been 
overcome. The four valves in the cylinder head are : 

(1) The needle fuel valve. 

(2) The air inlet, or su' aon /a’ve. 

(3) The exhaust valve • 

(4) The air starting ^ alve. 

135. Valve Setting in Four-stroke and Two-stroke Engines. 

Admission of the oil starts from 1° to 2° before dead centre 
and continues for about 15” to 20” of crank angle movement 
in the working stroke. Typical valve setting diagrams for four- 
stroke and two-stroke Diesel engines are shown in figs. 87 and 
88 respectively. 

136. Cycles used in Heavy Oil Engines. Heavy-oil engines 
are built to work on the two-stroke or four-stroke cycle. They 
are also made for single-acting or double-acting operation. The 
Diesel engine is sometimes constructed to work double-acting, 
but more frequently is of the single-acting four-stroke type. 

137. Methods of Starting. Small units of the low com¬ 
pression class may be started by hand as in the case of petrol 
engines. When this is done, oil of lower flash point than that 
of the normal fuel is often used until the cylinder is heated by a 
few cycles. With larger units in the low compression class, the 
starting is accomplished (1) by compressed air, (2) by blow¬ 
lamp, (3) by electric heater in the combustion chamber, (4) by 
special cartridge. 

The blow-lamp is applied to the hot bulb or uncooled part 
of the cylinder, until the spot is hot enough to ignite the oil 
vapour. The engine is then “ barred over ” and when injection 
occurs the oil ignites and the engine commences to run. 

This method is sometimes modified by using a lighter oil. 
Blow-lamps have often been a source of trouble, but improve¬ 
ments in design have obviated the difficulties. 

The electric heater acts exactly as the blow-lamp, but the 
heat is supplied by electrical means. 

p 
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The pressure is now very low, either atmospheric, or condenser 
pressure, and, if any water is left in the cylinder, evaporation 
becomes very vigorous. During exhaust stroke, evaporation will 
continue as long as moisture is available, with consequent 
cooling of the walls at a rapid rate. The amount of cooling 
during this period ver>' largely decides the temperature of the 
walls which will meet i-c incoming steam at the beginning of 
the next stroke, and iheiefcre, the amount of condensation 
which will occur. If there is not enough moisture at the begin- 
iiing of the exhaust stroke for this evaporation to continue 
throughout it, then the cooling of the walls will cease when 
there is no more water to evaporate. If, however, there is ample 
moisture, this cooling may go on throughout the whole of the 
exhaust stroke, with consequent heavy condensation at the next 
admission of steam. 

If, as we have just supposed, the steam supply is dry, it is 
very probable that there would not be sufficient moisture at the 
end of the expansion for the evaporation to continue throughout 
the whole of the exhaust stroke, unless there was a very big 
expansion ratio in the cylinder, when, of course, the amount of 
condensation during the expansion would be large. 

If the steam supply is wet, all the above processes will operate 
in exactly the same way. The water in the wet steam will be 
additional to that produced in the way just described, and will 
be present at the beginning of the exhaust stroke. Evaporation 
on that stroke will thus be prolonged and may continue through¬ 
out the whole of it. Hence, in such a case, initial condensation 
becomes a maximum, and the amount of extra steam required 
to make up that condensation is a maximum. The steam used 
per stroke is increased without any more work being done in 
the cylinder, and hence the consumption rate is greater. In bad 
cases, this process builds up and may bring the engine to a 
standstill. 

The reader should carefully note the following facts: 

(1) If steam entering the cylinder is condensed and then re¬ 
evaporates on the exhaust stroke, the amount of heat drawn 
from the walls is less than that absorbed by the cylinder metal 
dvjring condensation. 
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(2) The cooling of the cylinder walls is caused by the evapora¬ 
tion, during exhaust, of the water which entered as wetness in 
the steam, and that which condensed during expansion. This 
is because such water is present, without having given any heat 
to the cylinder metal. It is this second phenomenon which is 
the more serious. 

151. Wall Temperature. The actual phenomena are very 
complex and the foregoing may be taken as a statement of the 
main principles involved. 



For any point on the wall surface a diagram of steam and wall 
temperatures may be drawn on a time or cycle base. The 
fluctuation of temperature of wall is very small compared with 
the fluctuation of steam temperature, and the study of the 
diagram will show that the period, during which the wall is 
hotter than the steam, is longer than that in which the steam is 
hotter than the wall. Thus, the water has ample time to evapor¬ 
ate. The shaded area is known as the condensation area, and, 
in suitable units, is a measure of the amount of steam which can 
condense on one square foot of surface at the chosen point. 
Such a diagram is due to the researches of Callendar and 
Nicholson in 1895, and is shown in fig. 95. 
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1 -25 cu. ft. The engine takes in 10 cu. ft. of gas per min. having a calorific 
value of 275 C.H.U. per cu. ft. as used, and develops 41 I.H.P. Calculate 
the thermal efficiency and the efficiency ratio. Ratio of specific heats = 1 -4. 

N.C.T.E.C. 

17. Explain why initial condensation occurs during admission to a re¬ 

ciprocating steam engine, and state what methods have been adopted to 
minimize this condensation. N.C.T.E.C. 

18. Calculate the engine thermal efficiency in the case of a steam engine 
taking steam at 180 lb. per sip in. absolute, 0-98 dry, if the temperature of 
the exhaust steam is 158’ F. and the steam consumption is 15 lb. per horse 
power hour. 

If the coal used has a calorific value of 14,400 B.Th.U. per lb. and the 
consumption is 1-8 lb. per horse power hour, determine the overall thermal 
efficiency of the plant. N.C.T.E.C. 

19. The condensate from an engine is 4,410 lb. per hour when the I.H.P. 

is 210, and 6,520 lb. per hour when the I.H.P. is 362. Calculate the probable 
steam consumption when the I.H.P. is 280. State the law on which the 
solution depends. N.C.T.E.C. 

20. In the constant volume cycle the temperatures at the beginning and 
end of the compression are 43° C. and 323° C. respectively. Determine 
the air standard efficiency and the compression ratio. Assume y — 1-4. 

A petrol engine with the above compression ratio, develops 30 I.H.P. 
and consumes 1-63 gall, of fuel per hour. The specific gravity of the fuel 
is 0-78 and its calorific value is 10,500 C.H.U. per lb. Determine the 
indicated thermal efficiency and the relative efficiency of this engine. (1 gall, 
of water weighs 10 lb.) U.L.C.I. 

21. Describe the sequence of events in the constant volume cycle. An 

engine having a compression ratio of 12-5, and working on this cycle, 
develops 22-7 horse power when the fuel consumption is 8-1 lb. per hour. 
The calorific value of the fuel is 10,600 C.H.U. per lb. Find the air standard 
efficiency and the relative efficiency. U.L.C.I. 

22. The principal points on the sketch of the pressure-volume diagram 

for a Diesel cycle, commencing with the beginning of compression, are 
denoted by A, B, C and D. If temperatures at these points are fx = 100° C-. 
tn = 697° C., tc — 2,152° C., to == 987° C., what is the efficiency of the 
cycle, assuming the characteristic constant R = 94 ft.-lb. per lb. per ° C. 
and the index for adiabatic expansion y= 1-38? Determine the work 
done per lb. and the increase or decrease of the internal energy per lb. 
(a) from B to C, (6) from C to D. U.L.C.I. 

23. Sketch the pressure volume diagrams for the constant volume, con¬ 
stant temperature and Diesel cycles. Mark the beginning of compression 
A and the principal points in consecutive order, B, C, etc. 

For a certain constant volume cycle, the pressure and temperature at 
A are 14 lb. per sq. in. and 50° C. (122° F.)and the temperatures at B and C 
are 360° C. (680° F.) and 550° C. (1.022° F.). Assume r = 1-4 and find 
(a) the efficiency of the cycle, (b) the pressure at B, (c) the temperature at D. 

(Author’s hint:—For constant temperaturecycle, see art. 47). U.L.C.I. 
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ENGINE TRIALS 

156. Objects of Trials. Engine trials are carried out for the 
purpose of comparing actual results with theoretical or ideal 
performance. They are also carried out when the builders have 
entered into an agreement to guarantee a specified efficiency for 
the engine or turbine. The tests in this case are made to verify 
the guaranteed efficiency, in order that bonuses or penalties 
may be paid. The standard of attainment in these tests is often 
the consumption rate under specified pressure and vacuum 
conditions in the case pf a steam plant, and with fuel of given 
calorific value in the case of gas, oil or petrol engines. 

Tests have been the direct cause of, and incentive to, the 
improvement in engines and boilers throughout the period of 
their development. Many steam engines were built before 
tests were standardized, but the development of the steam 
turbine, petrol engine and oil engine has been largely due to 
the interest taken in the cost of engines, and particularly the 
cost of runnfiig them. This interest created a demand for 
authentic records of engine performance, which could only be 
satisfied by exhaustive trials carefully observed and calculated. 

Heavy-oil engine development in this country has been 
greatly encouraged by the Royal Agricultural Society in offering 
prizes for the best and most efficient engines. Makers attach 
great value to these awards. 

157. Results Sought. In a comprehensive trial of any heat 
engine, the following are the principal results sought. 

(1) The power developed. 

(2) The heat supplied per minute or per hour. 

(3) The distribution of this heat. This appears in the heat 

balance or account. 
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(4) The efficiency of the engine compared to that of the ideal 
engine using the generally-accepted standard cycle. 

These items may now be considered in detail and the equip¬ 
ment necessary will be mentioned. 

158. Power Developed. The power may be measured 

(a) by indicator, or {b) bv brake. 

The indicator is used to take observations which are necessary 
to calculate the cylinder power. It can only be used for recipro¬ 
cating engines. In steam turbines the horse-power, correspond¬ 
ing to the I.H.P. of the reciprocating engine, can only be calcu¬ 
lated by working back from the measured using the 

results of tests on bearing losses, disc and drum losses, windage 
and friction. 

The brake measures the work available for use external to 
the engine itself, and gives the useful power. 

J59. Heat supply. The heat supply to the engine is obtained 
in two stages; (a) the measurement of the amount of substance 
going to the engine in a given time, say the duration of the test; 

(b) the measurement of the heat carried by each unit of sub¬ 
stance. This latter figiu'e is obtained by calorimetry. Where 
oil, petrol or gas is being used, the calorific value is found during 
the period of the trial. In steam engine or turbine trials the 
calorimetry results are recorded in the steam tables and diagrams; 
hence, steam-quality tests only need be taken during the trial. 

The weight of steam used during the trial is usually measured 
by condensing it, and measuring the condensate. TWs assumes 
that there is no leakage of steam at drains, glands, etc., between 
en^ne stop-valve and condenser. When precautions are taken 
to prevent or measure such leakage, the condensing method is 
the most reliable. 

Another method now in use for measuring daily steam supply 
is the installation of a steam meter in the supply steam pipe. 
In many power stations, readings are taken half-hourly or 
hourly throughout the whole period of twenty-four hours. 

In gas-engine trials the gas is measured by meter or by means 
of gas-holders of known capacity. The gas is then supplied at 
constant pressure and its amount can be accurately determined. 
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Two gas-holders are normally used, one being filled, while the 
other is being drawn upon by the engine. One only may be 
used if all the conditions are kept constant, and the gas rate is 
measured for short intervals of time. The engine runs from the 
main, except during the period of gas-flow measurement. 

160. Heat Distribution. The determination of the distribu¬ 
tion of the heat requires the measurement of water and gas 
quantities, and their temperatures. 

In testing a gas engine an exhaust gas calorimeter may be 
fitted. In this calorimeter, the heat is absorbed by water which 
rises in temperature, and whose quantity may be measured. 

Heat passing through the cylinder walls to the jacket is 
measured by the quantity of jacket water heated and the 
amount of temperature rise. 

Thus in both these cases— 

Heat removed per minute = weight of water per minute x 
temperature rise. The heat removed in the steam-engine 
condenser is measured in exactly the same way. 

161. EflSciency Ratio. The efficiency ratio is obtained 
by calculating the indicated thermal efficiency and dividing 
it by the ideal efficiency for the type of engine under 
consideration. 

162. Observations Made. The observations to be recorded 
in a thermal test of an engine are as follows : 

For the indicated horse power— 

(1) Scale of spring on indicator. 

(2) Diameter of engine piston. 

(3) Diameter of engine piston rod and tail rod, if any. 

(4) Length of stroke. 

(5) Whether single-acting or double-acting. 

(6) Nature of cycle—^two-stroke or four-stroke. 

(7) Revolutions per minute, from which working strokes per 

minute may be calculated. (In the internal-combustion 
engine, an explosion counter may be needed.) 
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For the calculation for the l.H.P.— 

Work done per minute = mean effective force X distance 

travelled by piston per minute 
whilst under action of force. 

— M.E.P. X effective piston area x 
stroke length X working strokes 
ner minute. 

Effective area of one side of piston — area of piston — area 
of rod. 

Thus, the work done per minute on one side of the piston 
may be calculated. If the engine is double-acting, the work 
done on the other side is added. It is not correct to multiply 
the work done on one side of the piston by two, in order to find 
the whole work per revolution, because the M.E.P.’s from each 
side often differ considerably, and, if the engine has no tail rod, 
the effective areas are different. 

The algebraic treatment for the steam engine is now given. 

Let D -= diameter of cylinder in inches. 
d — „ „ piston-rod in inches. 

dt = » „ tail rod 

Pp = M.E.P. from piston-rod side of piston. 

Pb = M » tail-rod „ „ 

L = length of stroke in feet. 

N == revolutions per minute. 

Then I.H.P.— 


33,000 

With a single-acting engine, with no tail rod and pressure 
on back of piston, 




IJH.P. = 




") 


L X N Pb X 


ttD* 


X L X N 


33,000 


33,000 


with the gas engine^ single-acting, using above notation. 


R 
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I.H.P. 


or I.H.P. 


irD“ N 

P. X ^ X L X ^ 

33,000 

ttD^ 

Pb X -~r- X L X N 


33,000 


(for four-stroke, with no 
cycles cut out due to 
hit-and-miss govern¬ 
ing). 

(for two-stoke, with no 
cycles cut out). 


The calculation for the double-acting gas engine is the 
same as for the steam engine. In all gas engine equations, 

N 

where cycles are cut out, E must be substituted for N or 
where E — actual number of charges ignited per minute. 


163. Brake Horse Power Observations. It is necessary 

to measure the (1) 
speed, (2) torque. 

Brake horse power 
calculations are the 
same whether some 
lever type of brake 
(as the Prony or 
Froude), or rope type 
(Him) is used. 

In both cases, work 
done per revolution 

= resisting torque X angular movement in radians. 



The torque in the lever type of brake (fig. 100), 
= effective or equivalent weight x radius. 
= WbR. 


Wg is not the weight actually on the lever, but allows for the 
weight of lever itself and its attachments. 

In the rope brake shown in fig. 101, the radius is measured 
to the centre of the rope. The efiective weight lifted is the 
difference between actual dead weight W and the reading of 
the counterbalance S. 


Wg == W - S. 
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Assuming a rope brake to be in use, 

Let W — weight lifted in lb. 

S ~ counterweight in lb. 

D = diameter of brake wheel in feet, 
t, ^ >> »> rope ,, ,, 

R = effective radius in feet. 


The R = 


D f 
2 ■ 



Work done per revolution = torque x angle turned in radians. 

= (W - S)R X 27r ft.-lb. 

= ^(W - S) (D + d) ft.-lb. 

= 2irR(W - S) ft.-lb. 
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Let N = no. of revs, per minute. 

We = effective load = W — S. 

Work done per min. = 27rRNWE 

^ 27.RNWE 

and Brake horse power = 33 qqo '• 

(If T = the torque in lb. ft. and co — the angular velocity 

Tto 

in radians, per sec., then B.H.P. = and the student is 

advised to become familiar with this form.) 

164. Thermal EflSciency. The observations to be made 
for the determination of thermal efficiency are: 

(a) For the steam engine: 

(1) Weight of steam supplied. 

(2) State of steam supply. 

(3) Indicator diagrams. 

(b) For the internal combustion engine; 

( 1 ) Weight or volume of fuel supply. 

(2) Calorific value of fuel. 

(3) Indicator diagrams. 

It is necessary to measure the substance going to the engine 
in a given period of time when the working conditions are 
steady. 

The Indicator. The chief instrument in use is the indicator. 
It is an instrument of precision and must be handled with care 
and intelligence to secure reasonably accurate indications. 
The precautions to be taken are tabulated below: 

(1) The driving cord or wire must move freely over guide 

pulleys. 

(2) The cord must be of the right length to ensure that the 

drum does not strike its stop at the ends of its travel. 
Cord too long will fall slack, and cord too short will 
stretch or break. 

(3) The correct spring must be chosen for the range of 

pressure required. 
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(4) The piston must not strike the stop at either the top or 

bottom of its stroke. 

(5) All parts must be assembled so that there is no 'back¬ 

lash. 

(6) The pencil must be apphed to the paper by means of 

the small handle usually provided for the purpose. 

On no account must the lingers touch the pencil 

mechanism. 

(7) The pencil must be applied to the paper as lightly as 

possible consistent with obtaining a line on the paper. 

This hne muy not be visible until the paper is removed. 

It is a mistake to allow the pencil to trace the diagram 

time after time. 

(8) The indicator cocks must be opened fully. It is a 

common error to open them partially with the result 

that the cards are of no use. 

(9) The atmosphere line milst be drawn before opening the 

indicator cock. 

The motion of the indicator piston is multiplied by a link- 
work, which draws a vertical straight line when the drum is 
not in motion. There are several of these straight line motions 
which the reader will study in the higher classes in Theory 
of Machines. The scale of the spring, which is stamped 
upon it, takes account of this multiphcation of motion and 
also of the actual area of the indicator piston. For example, 
if the spring is actually compressed J in. and the pencil moves 
f in., the scale of the spring being 80 lb. per sq in. per inch, the 
pressure increase is | x 80 = 60 lb. per sq. in. Thus each 
indicator must have its own springs to correspond with pencil 
movement multiplication and indicator piston area. 

The reader should take the opportunity of examining the 
indicator and indicator rig, when he carries out his laboratory 
work. 


165. Trials. Two trials will now be worked out in full. 
The first relates to a National Gas Engine and the second to 



246 


HEAT ENGINES 


a Cross Compound Condensing Steam Engine. All the 
observations were made by Third Year Senior Engineering 
Students in the Wigan and District Mining and Technical 
College. 

166. Gas Engine Trial. The trial was carried out on 
the above engine operating on the four-stroke cycle and 
governed on the “ hit and miss ” principle. The brake was 
of the rope type, and the counterbalance force was measured 
by means of a spring balance. 

Harding’s counters were used, one to measure revolutions 
and another to record explosions. 

The jacket cooling water was measured by means of a 
calibrated orifice plate in a horizontal plane. Centigrade 
thermometers were fitted in the supply pipe and in the discharge 
pipe of the water jacket. The gas supply was measured by 
means of a gas meter. The reading of the meter was not 
corrected for temperature or for pressure, since manometers 
and thermometers were not fitted to the gas supply pipe. 
When these data are observed, the correction can easily be 
made by applying the equations of Article 27. 

If a determination of the calorific value of the gas is made, 
the same correction should be applied to the calorific value 
test result, so that the heat supply to the engine can be accurately 
obtained. 

Three different loads were taken, all other conditions remain¬ 
ing constant. The loads on the brake were as follows: 

Series A, 40 lb. weight. 

Series B, 69 „ „ 

Series C, 97 „ „ 

The trial for series A was carried out for 15 minutes after 
the engine had run under this load for sufficient time to allow 
all parts to reach normal working temperatures, and to obtain 
uniform readings at all observation points. 

Series B and C were run for 10 minutes after allowing a 
suitable interval for the engine to adjust itself to the change 
in load. 
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Duration of test 10 minutes. 

Indicator spring scale 120 lb. per sq. in. per inch. 
Engine dimensions as before. 



Ficj. 103. 


The chief results collected are: 


Indicated horse power 
Brake horse power 
Consumption per I.H.P, per hour 
„ „ B.H.P. „ „ 

Mechanical efficiency 
Indicated Thermal efficiency 
Brake Thermal efficiency 
Ideal efficiency 
Efficiency ratio 


= 6*33 

- 5*21 

- 37*7 cu. ft. 
-45*8 „ „ 

“ 82-3 per cent. 

15*71 per cent 
^ 12*87 per cent 
41*7 per cent. 

- 37*6 per cent. 


Heat Balance. 


Heat supplied per min. 

= 950 C.H.U. 

100% 

Heat at Brake = 122'1 



„ by Friction = 27-1 

Indicated heat. 

149-2 

15-71% 

Jacket heat. 

267-5 

28-2% 

Exhaust and other losses 

533-3 

56-09% 


950 

100% 
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Series C. 

Table VIII gives the observations logged in the engine room. 

Table VIII 


Call 

No. 

Explo¬ 
sions 
[ Counter 
Read¬ 
ings. 

Revo¬ 

lution 

Counter 

Read¬ 

ings. 

Weight 

on 

Brake. 

Spring 

Balance 

Read¬ 

ing, 

Weight of 
Cooling 
Water. 

Inlet 
Tem¬ 
pera¬ 
ture. 1 

Outlet 

Tem¬ 

pera¬ 

ture. 

Quantity 

of 

Gas/5 min. 

1 

557,070 

149,444 

97 lb. 

13 1b. i 

13*6 Ib./min. 

8° C. 

32° C. 

0 cu. ft. 

2 

557,745 

150,846 

97 

13 „ 

13 6 „ 

8° C. 

34° C. 

24-5 „ 

3 

558,415 

152,252 

97 „ 

14 „ 

13 6 „ 

8°C. 

35° C. 

25 0 „ 



Fio. 104. 


Duration of test == 10 minutes. 

Indicator spring scale = 120 lb, per sq. in. per inch. 
Engine dimensions as before. 


The chief results collected are: 


Indicated horse power 
Brake horse power 
Consumption per I.H.P. per hour 
„ „ B.H.P. „ „ 

Mechanical efficiency 
Indicated Thermal efficiency 
Brake Thermal efficiency 
Ideal efficiency 
Efficiency ratio 


= 8-49 
= 6-9 

= 35 cu. ft. 

= 43*1 cu. ft. 

= 81-3 per cent. 
= 16-9 per cent. 
= 13-72 per cent. 
= 41-7 per cent. 
== 40-8 per cent. 


The student should compare the results of the three tests 
with one another, when he may draw useful conclusions con¬ 
cerning the theory in the earlier chapters. 
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Heat Balance. 


Heat supplied per min. .... 

1,182 C.H.U. 

100% 

Heat at Brake ^ 162*5 



„ by Friction = 37*5 

Indicated heat ..... 

200 

16-9% 

Jacket heat ..... 

349 j 

29-56% 

Exhaust and other losses 

632-5 

53-54% 


1,182 

100% 


167. Steam Engine Trial. The engine was run as a cross 
compound condensing engine at constant speed and load. 

The observations were; 


(1) Indicator diagrams. 

(2) Engine revolutions. 

(3) Indicator spring scales. 

(4) Brake weight and counterbalance. 

(5) Stop valve pressure. 

(6) Vacuum pressure. 

(7) Weight of steam supplied (taken as weight of condensate).. 

(8) Steam and water temperatures. 


Engine Data. 

High Pressure cylinder diameter = 7 in. 


„ „ piston rod „ = If in. 

Low Pressure cylinder „ =13 in. 

„ „ piston rod „ = U in. 

Brake wheel „ =8 ft. 

„ rope „ = 1 in. 


Stroke = 20 in. 
No tail rod. 
Stroke = 20 in. 
No tail rod. 


Calls were made at five minute intervals. 

Duration of test, 25 minutes. 

The observations logged in the engine room are recorded in Table IX. 
A number of the engine thermometers are Centigrade and others Fahren¬ 
heit. The actual observations are recorded. 
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Exhaust 

Tempera¬ 

ture. 

" F. 

140 

136 

138 

136 

134 

134 

Outlet 
Tempera¬ 
ture of 
Cooling 
Water. 

80 

82 

83 

85 

85 

85 

Inlet 

1 Tempera¬ 
ture of 
Cooling 
Water. 

22 o o o 

Quantity 
of Cooling 
Water. 
Gallons. 

1 O »/^ 

1 00 oo r- oo oo 

Weight 

of 

Con¬ 

densate. 

L.. 

458 

Conden¬ 

sate 

Tempera¬ 
ture. ^ C. 

50 

51 

51-5 

52 

52 

52 

Vacuum 

Gauge. 

In. 

Mercury. 

»4n ON O CO m 

cN ro rn 

CN CN CN CN fN 

Com¬ 

pound 

Gauge. 

Lb./ 

Sq. In. 

13 

12 

12 

12 

11-5 

no 

Stop 

Valve 

Pressure. 

Lb./ 

Sq. In. 
Guage. 

•n o «N <N ^ T-H 

^ zu ^ ^ 

Spring 

Balance. 

Lb. 

27-5 

27-5 

27-5 

27-5 

27-5 

27-5 

Brake 

Weight. 

Lb. 

SO V.O VO VD VO VO 

r^ r*^ r^ r*^ 

ro m m ro m CO 

Engine 

Revolu¬ 

tion 

Counter. 

52,968 

53,564 

54,191 

54,819 

55,445 

56,073 
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Calibrated indicator diagrams from the high pressure and 
low pressure cylinders are shown in figs. 105 and 106 respectively. 



A _^_ L 

Fig. 105. 



Fig. 106. 


Indicator springs. 

High pressure = 64 lb. per sq. in. per in. 


20 „ „ 


Reduction of Table of Observations on Steam Engine Trial. 

56,073 - 52,968 ,,, 

Mean speed -- 25 - 

Effective brake load = 376 — 27-5 = 348-5 lb. 

Average stop-valve pressure = 113-5 lb. per sq. in gauge 

— (113-5 -f 14-7) lb. per sq. in. abs. 

— 128*2 ,, ,, ,, ,, 

Average vacuum = 23-86 in. mercury 

.‘. Pressure in condenser == 30 — 23-86 at 30 in. barometer 



6-14 in. mercury 
6-14 X 14-7 

- — -Ib. per sq. in. abs, 


= 3-01 


» >> >> 


Corresponding temperature = 60-9° C. == 141-6° F. 
Mean temperature of condensate = 51-41° C. == 124-5° F. 
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458 

Weight of condensate per min. — 

18-32 lb. 

» „ „ „ hour = 1,1001b. 

Total quantity of condensing water in 25 min. 

= 910 gallons = 9,100 lb. 

9,100 

Weight of condensing water per min. 


364 Ib. 


Mean inlet temperature of condensing v/ater 
= 49-33° F. 

Mean outlet temperature of condensing water 
= 88-33° F. 

Temperature rise of cooling water = 83-33 — 49-33 = 34° F. 
* Mean exhaust temperature at inlet to condenser 
= 136-33° F. 


l.H.P. Calculations. 

(1) High Pressure Cylinder. 

Mean height of indicator diagram, back of piston — 0-618 in. 

» « » front „ „ = 0-63 in. 

Average mean height = 0-624 in. 

„ „ effective pressure = 0-624 x 64 

= 39-9 lb. per sq. in. 

Area of piston (7 in. dia.) = 0-7854 x 7 x 7 = 38-5 sq. in. 

„ „ „ rod (1| in. dia.) = 0-7854 x 1-75 x T75 

= 2-406 sq. in. 

Effective area, back of piston 38-5 sq. in. 

„ „ front „ == 36-094 sq. in. 

Average effective area = 37-297 sq. in. 

Mean force on piston — 37-297 x 39-9 == 1,486 lb. 

20 

Distance moved by piston per min. — 2 x ^ x 124 «= 412-92 ft. 

Work done per minute in this cylinder = 1,486 x 412-92 

= 615,000 ft.-lb. 

615,000 


Indicated horse power 


33,000 


= 18-62. 


* This is less than the value corresponding to vacuum, pressure probably 
due to observational or instrumental errors, or undercooling effect m4he 
steam. 
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(2) Low Pressure Cylinder. 

Mean height of diagram, back of piston == 0-716 in. 

„ » front „ = 0-724 in. 

Average mean height = 0-72 in. 

Average mean effective pressure = 0-72 x 20 

= 14-4 lb, per sq. in. 

Area of piston (13 in. dia.) — 0-7854 x 13 x 13 = 132-8 sq. in. 
Area of piston rod = 2- »06 sq. in. 

Effective area (front) = 132 8 — 2-406 = 13C--’'">4 sq. in. 

Average effective area — 131 597 sq. in. 

Mean force on piston = 131-597 x 14-4 = 1,895 lb. 

Distance moved by pis< w pet minute == 412-92 feet. 

.'. Work done per miu. in low pressure cylr. = 1,895 x 412-92 

= 784,000 ft.-lb. 


.’. Indicated horse power low pressure cylr. 
Total Indicated Horse Power 


784,000 
” 33’C)00 
= 23-75 


= I.H.P. (H.P. cyl.) + I.H.P. (L.P. cyl.) 
= 18-62 + 23-75 == 42-37. 


B.H.P. Calculations. 

Effective radius of brake wheel 

Effective brake load 

Work done against brake per rev. 

Work done against brake per min. 


= 4 ft. Oi in. = 4-04 ft. 
= 348-5 lb. 

= 2 x 7T X 4-04 X 348-5 
= 8,870 ft.-lb. 

= 8,870 X 124 


.*. Brake horse power = 


8,870 X 124 
33,000 


Mechanical efficiency 


33-3 horse power. 
33-3 


42-37 


78-6 per cent. 


Steam consumption rate per I.H.P. per hour 

Wt. of steam used per hour 


1,100 

42-37 


I.H.P. 
= 25-9 lb. 


1,100 

Steam consumption rate per B.H.P. per hour = — 33-08 lb. 


The consumption rates may also be obtained by dividing 458 lb. by the 
number of horse power hours worked during test. 

25 

Indicated horse power hours worked = 42-37 x = 17-63. 


S 
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Brake horse power hours worked = 33-3 x 


13-88. 


Steam consumption rate per I.H.P. per hour 


1 /•oJ 

= 25-9 lb. 

458 

>> »» >j j> 3,H.P, ,, ,, 13*88 

- 33 08 lb. 

Indicated thermal efficiency 

Heat equivalent of work done on piston 
Heat supplied to engine 

Total heat at 128*2 lb, per sq, in. abs. and dry ~ 1,192*5 B.Th.U. 
Liquid heat at 3*01 „ „ „ „ == 109*5 „ 

Heat supplied per lb. of steam = 1,083*0 „ 


Heat supplied per lb. of steam = 1,083*0 „ 

... . , , ^ . 60 X 33,000 

Indicated thermal efficiency = 25:9 x'W 

2,545 

“ 25-9 X 1,083 
= 0-0904 or 9-04 per cent. 

2 545 

Brake thermal efficiency = sMls’x XoSS 

= 0*071 = 7*1 per cent. 

Rankine Efficiency. 

Using the equation of Article 99 to find the Rankine work and modifying 
it to allow for the fact that no superheater was fitted to the engine, we have 
Rankine work for dry steam per lb. 

/nn nn -t i nr 


Brake thermal efficiency 


ri-T,)(i +1‘) -T,i 


= (806-2-601-6)1 1 -f 


601-6 x 2-3026 x log 1-327 


== 204-6 X 2-085 — 601-6 x 2-3026 X log 1-327 
= 427- 170 = 257 B.Th.U. 


Rankine efficiency = = 0-237 or 23-7 per cent. 

_ 0-0904 
~ 0-237 

= 0-381 or 38-1 per cent. 


Efficiency ratio 
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The chief results collected are : 


Indicated horse power 
Brake horse power 
Mechanical efficiency 
Consumption rate per I.H.P. per hour 
„ ,, B.H.P. „ „ 

Thermal efficiency 
Brake thermal efficiency 
Rankine efficiency rat’o 


- 42-37 

- 33-3 

78-6 per cent. 

- 25-9 lb. 

- 33-08 lb. 

9-04 per cent. 
7-1 per cent. 
38-1 per * ent. 


Heat account on a one-minute basis. 


Heat supplied to engine in steam pei min. 
42-37 33,000 

Indicated heat — 

/ /o 

B.Th.U. 
- 19,900 

== 1,794 

per cent. 
100 

904 

33-3 X 33,000 

Brake heat = - 

= 1,414 


Friction heat 

Heat in condensing water =- 364 < 34 

Other losses 

= 380 

12,376 
5,730 

62-3 

28-66 



100-00 


Examples XIX 


1. In a test of a gas engine the following observations were made: 


Diameter of piston 

Stroke 

R.P.M. 

Explosions per min. 

Brake weight 
Spring balance 
M.E.P. 

Gas per min. 

Calorific value of gas 
Jacket water per mm. 

Temperature rise in jacket water 
Compression ratio 

Effective circumference of brake wheel 


= 6i in. 

= 12 in. 

- 324-6 

- 143 

- 84 1b. 

= 4*25 lb. 

= 71-4 lb. per sq. in. 

== 4 cu. ft. 

- 240 C.H.U. per cu. ft. 

- 12-75 lb. 

- 27-5° C. 

- 3-85 

- 9-92 ft. 


Find: {a) The I.H.P. (6) The B.H.P. (c) Mechanical Efficiency. 
id) Consumption rate per B.H.P. and per I.H.P. per hour, (e) The thermal 
efficiency, brake thermal efficiency and efficiency ratio. 

Also draw up the heat balance sheet on a basis of one minute. 

2. The following observations were taken during a test of a small gas 
engine working on the four-stroke cycle and governed by the hit and miss 
method. 
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Cylinder diameter = 6^ in. stroke = 1 ft. 

Brake wheel diameter = 3-185 ft. 

Area of mean indicator diagram positive loop) = 1-084 sq. in. 

„ (negative loop) = 0-064 sq. in. 


Length of diagram 
Scale of spring 

Duration trial - 

Total revolutions = 

Calorific value of gas 

Brake weight 

Total explosions 

Spring balance 

Quantity of jacket water per min. 
Temperature rise in jacket water 
Total gas = 

Reduce the observations and write down- 


3- 2 in. 

240 lb. per in. 

30 mins. 

9,999 

240 C.H.U. per cu. ft. 
38 lb. 

2,871 
2-5 lb. 

4- 2 lb. 

22° C. 

83-4 cu. ft. 


(1) I.H.P. hours and B.H.P. hours worked. 

(2) Indicated and Brake Thermal Efficiencies. 

(3) Draw up a heat balance sheet on a minute basis, giving results as 

quantities of heat and also as percentages. 

3. The following data were recorded during the test of a gas engine— 
I.H.P. 560, B.H.P. 447 r.p.m. 300, gas consumption (reduced to 15° C. and 
30 in. of mercury) 32,500 cu. ft. per hour, lower calorific value of the gas 
per cu. ft. 71-2 C.H.U., jacket water used per hour 2,870 gallons, tempera¬ 
ture of the jacket water at inlet and outlet respectively 18-1° C. and 54-3° C. 
Determine: 

(a) The mechemical efficiency of the engine, (b) The thermal efficiency 
of the engine, (c) The percentage heat energy of the gas carried away by 
the jacket water. (</) Neglecting waste of heat by radiation, etc., find the per¬ 
centage heat energy of the gas carried away by the exhaust gases. U.L.C.I. 

4. The following data are the results of a test of a gas engine having a 
diameter of 8 in. and stroke of 15i in. 

Duration of test, 1 hour; Revolutions per min. 280; Explosions per 
min. 110; M.E.P. from indicator diagrams 82-7 lb. per sq. in.; B.H.P. 14-4; 
Gas used during test 475 cu. ft.; Calorific value of gas per cu. ft. 270 C.H.U.; 
Weight of water passing through the jacket 700 lb.; Rise of temperature 
of jacket water 34° C. 

Determine (a) the I.H.P. and (b) the thermal efficiency of the engine. 
Draw up a heat balance for the engine. U.L.C.I. 

5. Describe, with the aid of sketches of apparatus used, the method of 

determining the mechanical efficiency of an engine. U.L.C.I. 

6 . A ship is driven by two sets of eight-cylinder internal combustum 
engines working on the four-stroke cycle with an impulse stroke every 
cycle. Diameter of cylinders 19*7 in.; stroke 26 in., r.p.m. 145-3, average 
mean effective pressure for all cylinders 74 lb. per sq. in. The thermal 
efficiency of the engines is 44 per cart. 
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Find the total I.H.P. driving the ship and the weight of oil used per I.H.P. 
per hour and per day’s run of 24 hours. The calorific value of the oil is 
9,890 C.H.U. per lb. U.L.C.I. 

7. The mean effective pressure in an internal combustion engine working 
on the two-stroke cycle was 91 -4 lb. per sq. in. The total fuel consumption 
per hour was 126-7 lb. and the calorific value of the fuel was 10,120 C.H.U. 
per lb. The B.Il.P. was 327-3 and the speed 125 r.p.m. Diameter of 
cylinder 22 in., stroke 36 in. Deterrrine the mechanical efficiency, the 
indicated thermal efficiency ana the brake thermal efficiei ry. U.L.C.I. 

8. The area of an indicator diagram taken from a double-acting steam 
engine is 2-1 sq. in. and its ongth is 3-5 in. The strength of spring used is 
60 lb. per inch of height. The diameter of the cylinder is 18 in. and the 
piston stroke 26 in. Speed 150 revolutions per minute. Find the I.H.P. of 
the engine and also the B.H.P., the mechanical efficiency being 78 per cent. 

U.L.C.I. 

9. Draw up a heat balance sheet for an oil engine from the following 
data, taking quantities in C.H.U. per hour. 

Oil per hour 3-08 lb., calorific value 10,200 C.H.U. per lb., indicated 
horse power 5-8, brake horse power 4-4, cooling water per hour 385 lb., 
rise in temperature of cooling water 36° C. U.E.I. 

10. The following particulars were obtained from a test of a four-stroke 
cycle gas engine: 

Cylinder diameter 6i in., stroke 12 in., diameter of brake wheel 5i ft., 
effective brake load 60 lb., revolutions per min. 306, explosions per min. 
128, area of indicator card 0-68 sq. in., length 2-25 in., spring, gas used 
per hour 453 cu. ft., calorific value 530 B.Th.U. per cu. ft. 

Calculate the I.H.P., B.H.P., mechanical efficiency, gas consumption per 
B.H.P. per hour, and the brake thermal efficiency. U.E.I. 

11. The results of a gas engine test gave the following: I.H.P. 7-6; 
B.H.P. 6-1; Jacket water 700 lb. per hour; Mean temperature rise 35° C.; 
gas used, 175 cu. ft. per hour; Calorific value of gas, 344 C.H.U. per cu. ft. 

Draw up a heat balance sheet, taking quantities in C.H.U. per hour, and 
state the indicated and brake thermal efficiencies. U.E.I. 

12. In a one-hour trial of a Diesel engine, the I.H.P. was 60-2 and the 

mechanical efficiency 70 per cent. The cooling water entered the jacket at 
10° C., and left at 50° C., and 141 gallons were circulated. The calorific 
value of the fuel was 9,100 C.H.U. per lb. and 22-1 lb. were used. Calculate 
the brake thermal efficiency; the heat given to the jacket water; the heat 
carried off by the ejdiaust gases and otherwise; and draw up a heat balance 
sheet. U.E.I. 

13. The following results were obtained during a one-hour test of an 
oilengine: I.H.P., 25-2; B.H.P. 20-6. The oil fuel was of specific gravity 
0-75, lower calorific value 6,600 C.H.U. per lb. and the consumption for 
the run was 2-4 gallons. The weight of water passed through the jacket was 
540 lb., the inlet and outlet temperatures being respectively 16° C. and 
66° C. The exhaust gases on leaving the cylinder were conducted through 
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an exhaust calorimeter, and raised the temperature of 950 lb. of water from 
16^' C. to 70'' C. Calculate the mechanical and thermal efficiencies of the 
engine; and draw up a heat balance sheet, showing the distribution of heat 
in C.H.U. per minute. U.E.I. 

14. In a recently reported test of a pumping plant, the following results 
were obtained: 

Boiler, Coal fired per hour, 688 lb. 

Calorific value per lb., 15,000 B.Th.U. 

Feed water per hour, 6,630 lb. 

Temperature of feed water, 197'6'' F. 

Pressure of steam, 200 lb. per sq. in absolute. 

Amount of superheat, 126^^ F. 

Engine, Indicated horse power, 566. 

Steam used per hour, 5,618 lb. 

Find {a) the thermal efficiency of the boiler; 

(/>) the thermal efficiency of the engine; 

(r) the thermal efficiency of the plant. 

Note, There is a leakage of steam between the boiler and the engine 
and (c) must be calculated as the overall efficiency under the actual condi¬ 
tions of the test. Assume in (b) that the steam reaches the engine in the 
same condition as it leaves the boiler. N.C.T.E.C. 

15. The following particulars were obtained during a test of a four- 
stroke-cycle gas engine: 

Duration of test, 40 minutes. Average rev. per min., 204. Average 
explosions per min., 100. Mean effective pressure in cylinder, 96 lb. per 
sq. in. Net load on brake, 262 lb. Effective diameter of brake pulley, 
6 feet. Diameter of piston, 12 in. Stroke, T5 ft. Gas used during period 
of test, 334 cu. ft. Calorific value of 1 cu, ft. of gas, 500 B.Th.U. Quantity 
of water passing through jacket, 738 lb. Rise in temperature of jacket 
water, 74" F. 

Draw up heat balance and calculate: 

{a) The indicated horse power. 

ib) The brake horse power. 

(c) The mechanical efficiency of the engine. N.C.T.E.C. 

16. You are required to test a condensing steam engine developing about 

20 I.H.P. in order to determine the mechanical and thermal efficiencies and 
to construct a heat balance sheet. Make a list of the observations which 
would be necessary and briefly describe how you would measure the neces¬ 
sary quantities. N.C.T.E.C. 

17. The following observations were made during a test of a gas engine. 
Gas used, 396 cu. ft. per hour; calorific value of gas, 270 C.H.U. per cu. ft.; 
brake torque, 510 Ib.-ft. ; speed, 172 rev. per min.; explosions, 78 per min.; 
mean effective pressure, 70 lb. per sq. in,; cylinder diameter, 10 in.; stroke 
18 in. 

Calculate the indicated horse power, brake horse power, mechanical 
efficiency and brake thermal efficiency. N.C.T.E.C. 
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SPE":D CONTROL 

168. It is essentia! that the speed of rotation of a heat 
engine should never b'- allo\vcd to attain a value which would 
throw undue stresses upon its working parts. The speeds of 
steam locomotives, motor-cars and similar machines are 
controlled by the driver whose personal safety usually ensures 
that he will not allow excessive speed. 

In many other cases, however, it is necessary that the speed 
be kept within limits, which are sometimes very narrow, as in 
the case of engines driving cotton spinning machinery and 
electrical alternators when running in parallel. 

There are two causes of speed variation: 

(1) the fluctuating torque on the crank shaft; 

(2) alteration in the load which the engine has to take. 

Each of these has to be corrected separately, and though 

absolute uniformity of speed is not attainable, the variations 
may be kept within narrowly defined limits. 

The first of these types of fluctuation is dealt with by the 
flywheel entirely. These are known as cyclic variations because 
they occur with regularity. This part of the subject is not 
treated here, but will be found fully discussed in chapter IX 
of Applied Mechanics, by Mr. J. Boothroyd, B.Sc. 

169. Goyerning. The governor is a device whose function 
is to check vari ations in spee d when„ a change in the load 
occurs. I F a steam engine is working against a load witH'a 
uniform rate of steam supply and the load decreases, the result 
will be an increase in speed. A decrease in speed will follow 
an increase in load. By decreasing the rate of steam supply 
in the first instance and increasing it in the second the governor 
will prevent a change of speed in excess of a certain percentage 
which has been decided upon. 
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A governor functions either (a) by throttling the main steam 
supply, (b) by altering the cut-off, or, (c) by both these means 
at the same time. 

170. Centrifugal Governor. The principle generally made 
use of in governors is that of centrifugal force. Two weights 
placed diametrically opposite to each other are capable of 
moving outwards when speed is increased, and through a 
system of levers the throttle valve is partially closed or the 
..but-off is made earlier. 

171. Watt Governor. The diagram (fig. 107) shows in 
outline the governor used by James Watt. It revolves about 



the axis OM which is caused to rotate by direct connection 
with the engine shaft. OA and OB are arms pivoted at O 
and carrying weights at A and B. Links attached at C and D 
operate a sleeve E, which transmits its movement to a bell 
crank lever connected to the steam control arrangement. 
Increased speed causes A and B to move outwards owing to 
increased centrifugal force, thus raising the sleeve. A decrease 
in speed is followed by an inward movement of A and B and a 
lowering of the sleeve. 

The vertical height from the centre of one of the weights 
to p is called the hei^t, h, of the |:ovemor, and thi^ i# phviously 
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a ruling factor in the working of the governor, since it decides 
the position of the sleeve. 

Let w — the weight of one of the balls in lb. 

r = distance from centre of a weight to axis OM in ft. 

F = centrifugal force on one weight in lb. 

CO = angular velocity of rotation of weights in radians 
per secono. 

Consider the equilihrium of weight B. 

Three forces act upon it, (a) gravitation, w lb., (b) centrifugal 
force, F, (c) tension i.i the arm OB, T lb. 

The triangle Imn is the triangle of forces for the equilibrium 
of the forces acting on the ball. It is obviously similar to the 
triangle OBM. 

OM Im 


BM 

h 


mn 

w 

F 

wr 


h — but F 


w 

8 


- co^r. 


wr X 


H’wV 


g 


2 ' 

CO 

h and r are supposed to be in feet. 

Example. Find the height of a Watt governor for speeds of 20, 60, and 
90 revolutions per minute. 

Note that the value of the weights and length of arms are of no import¬ 
ance in this calculation. 

g 32-2 32-2 X 3 X 3 

\st Case, h 


to’‘ 


/2n X 20y 

V 60 / 




= 7-34 ft. 

If the arms OA and OB were shorter than 7-34 ft., they would hang down 
against tite 
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Ind Case, h 


L 

co~ 


32-2 


3rd Case, h 


(Itt X 6oy 

\ 60~ / 

32-2 

0-8]6 ft. or 9-8 in. 

32-2 


/Itt X 90 y- 

V 60 / 

32-2 X 4 


Att~ X 9 

= 0-363 ft. or 4-36 in. 

172. Porter Governor. The results of the above example 
show that at low speeds the governor would need unreasonably 

long arms, whilst at speeds 
which are now considered low, 
the variation in height, and 
consequently the movement of 
It the sleeve, would be so small 
as to make governing difficult. 
This has given rise to other 
types, important amongst which 
is the Porter or loaded 
governor. In its normal form 
it is shown diagrammatically 
in fig. 108. A and B are 
rotating weights carried by 
arms OA and OB whilst arms 
BC and AD attach the weights 
to the sleeve. 

On the sleeve rests a weight, W, which is free to slide up 
and down the central axis with the sleeve. Usually it is arranged 
that the four arms OA, OB, BC and DA form a parallelogram. 
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The height of the governor is defined as before. • 

To find an expression for the height of this governor, produce 
OB to meet the horizontal through D in E, and consider the 
equilibrium of the link BD by taking moments about E. We 
take the particular case, which is the common one, where all 
arms are equal. 



Fig. 109. 


Let w — weight of each rotating weight in lb. 

W „ „ central load in lb. 

h — height in feet. 

F = centrifugal force on each weight in lb. 

CO — angular velocity in radians per second. 

W 

The forces acting on BD are F, w, and T at B, with y at 

D. For equilibrium, the moments of these forces about E 
must be zero. Hence, neglecting weights of all arms we have 

W 

Fh — wr - ^ . 2r ~ 0 

Fh = r(W + w) 
w 

but F = — coV 
8 
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h::^r('W + W) X -V 
^ ^ wcarr 

g W + w' 

Cij''* ■ 

If the arms are not equal, or if their weights are to be 
accounted for, the same method of attack gives the solution 
to the problem, but it leads to a formula too complicated 
to be of value. Such a problem is best worked from first 
principles as above. 


Example. The rotating weights of a Porter governor are each 5 lb. in 
weight. If the height of the governor is to be 10 in. when rotating at 
200 r.p.m., find the weight of the load. What percentage increase in speed 
will lift the sleeve 1 in. if all the arms of the governor are equal? 


CO 


2‘Tr X 200 
60 
20-92 


radians per sec. 


h = 


g W + w 

(O^ M> 


10 

12 


32-2 W + 5 
20-92* ■ 5“ 

10 X 5 X 20-92 X 20-92 
12 X 32-2 


- 56-5 

.'. W = 56-5 — 5 = 51-5 lb. 


To lift the sleeve 1 in. the height of the governor must become 9i in. 
. 9-5 g 51-5 + 5 
" 12' ~ w* ■ 5 

. 32-2 X 12 56-5 


= 459 


.*. CO = 

Rev. per min. = 


21-44 radians per sec. 
21-44 X 60 
2ir 


= 204-6 


Increase in speed = 204-6 — 200 == 4-6 r.p.m. 
4-6 

Increase per cent. == = 2-3 per cent. 
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W 4- IV 

It will be seen that, since -is under our control, by 

IV 

suitably choosing values for W and iv, we may give h any 
reasonable value for a given speed. The great disadvantage. 


therefore, of the Watt governor is overcome. 


173. Effect of Friction. The frictional resistance in the 


linkwork connected to a governor together with that in the 


governor itself, has a serious effect upon its operation. It will 
oppose the movement ot the sleeve whether it is upward or 


downward. 


In allowing for this friction, it is reduced to a force at the 
sleeve. This force can be found only by experiment and 
may be tested by a spring balance when the engine is stationary. 

The central load in a Porter governor acts directly on the 
sleeve, hence the force due to friction may be added to or 
subtracted from the weight of the central load. 

Let the force at the sleeve due to friction = /, then, when 
the governor is rising, the resistance at the sleeve will be W + /. 
If the governor is falling, then the downward movement of the 
sleeve will also be opposed by the friction. The effect will 
be to decrease the effective value of the central load, and the 
governor will behave as if the value of the central load were 
W - /. 

The formula of the last article, therefore, may be written 


in the form 


g W ±/+ IV 


The positive sign is taken when the speed is increasing, and 


the negative when it is decreasing. 


Example. In the example of the last article, find the limits of speed of 
the governor between the heights 10 in. and in., if the friction is equivalent 
to 8 lb. at the sleeve. 

Before the governor can rise to a smaller height than in., the friction 
and weight must be overcome, 
we take W + /. 

g W +/+ IV 
" “ a»* • w 
9-5 32-2 . . 51-5 + 8 + 5 

12~ £*>* ^ 5 
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32-2 X 12 X 64-5 
9-y X 5 


218-7. 


CO — 22-9 rad. per sec. 

„ . 22-9 x 60 

Revs, per mm. = — r -= 218-7. 

2tt 

At the lower hmit of speed, when the height 10 in., before the sleeve 
can move downwards, the load must overcome the friction and its effective 
weight is thus reduced. Hence W “ /must be taken. 

g W — / -h w 


32*2 51-5 


Rev. per min. 


32*2 X 12 X 48*5 _ 
10 X 5 

19*4 rad. per sec. 

j?:-' I j ? „ ,85.3. 
2n 


- 375 


This is a rather extreme case, but, when compared with 

the range of speeds in 



Fig. 110. 


the last example, it shows 
how serious the effect of 
friction may be in reducing 
the sensitiveness of the 
governor. 

174. Hattnell or Spring- 
loaded Goveril5r. In the 
governors just treated, 
gravity has been the force 
which centrifugal action 
had to overcome. The 
Hartnell governor and its 
many modifications use a 
spring in either com¬ 
pression or tension for 
this purpose. The sketch 
gives the main idea of a 


spring-loaded governor. Two bell crank levers carry ^ 
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weight at one end whilst the other end operates on the sleeve. 
The pivots of the levers are carried by a bracket which rotates 
with the spindle. On the sleeve a spring in compression 
acts. When the rotational speed increases the spring is com¬ 
pressed further due to the outward movement of the weights. 
The spring has an initial compression given to it, so that the 
governor will oply begin to Omction when the centrifugal force, 
acting on the levers, is suffii. "nt to compress the spring further. 
That can be at any predeiernlined speed. There is so great 
a. freedom of choice in weights, and stiffness of springs, that a 
governor on this principle can be made to meet almost any 
conditions. With modifications in design, it can be made 
to work with its axis horizontal, which is often an advantage. 

The principle of this governor is very simple and no formula 
need be deduced to deal with it. The following example will 

illustrate the method of calculation. 

1 

Example. The weights of a Hartnell governor are each 4 lb. The 
vertical members of the levers are 5 in. long and the horizontal members 
6 in. long. The radius of the circular path of the weights is 7 in. The 
initial compression on the spring is 90 lb. and its stiffness is 40 lb. per in. 
Find the speed at which the governor will begin to function, and the speed 



Fig. 111 shows the arrangement, 
f Only half the force of the spring acts on each lever. 
Let F = centrifugal force on one weight. 
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Then, when the sleeve is just on the point of rising, we have, taking 
moments about A 

p X 5 _ X 6 

w 4 X 7 X oj* 

b“‘F“J 32.2x12 


4 X 7 X 60* X 5 90 


32-2 X 12 


X 6 


<o‘ 


90 X 6 X 12 X 32-2 
2 X 4 X 7 X 5 
9 X 6 X 3 X 32-2 


= 746 

CO 27-33 radians per sec. 

27-33 X 60 

Rev. per min. =-^— = 261. 

The stiffness or rate of a spring is the force per inch of compression or 
elongation. 

When the radius increases by i in. the rise of the sleeve will be i x 
= 0-6 in. for this example. Total force on spring with extra compression 
= 90 + 0-6 X 40. 

= 114 lb. 

114 

Fx>’ + h’Xz = X X (see fig. 112) 

w 1 

—£OV X 5 cos 0 + W X i = -r- X 6 cos 9 
g 2 

- <oV X 5 + - — = 57 X 6 

g 2 cos 0 . 

4 X 7-5 X 5 X to* 4 

+ s == 342. 


32-2 X 12 'loose 
Cos 9 is very nearly equal to 1. 
4 X 7-5 X 5 


32-2 X 12 


== 342 — 2 = 340 


340 X 32-2 X 12 


< 0 * 


4 X 7-5 X 5 
= 876 

a» ==» 29-6 radians per sec. 
29-6 X 60 

Rev. per mm. = 


2w 


282-5. J 


Ceoeralty wz may be neglected. 
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Friction may be taken into account as in the case of the Porter governor 
by adding it to the total compression on the spring for a rising governor 
and subtracting it for a falling governor. 

175. Range of Speeds. Any governor must be so designed 
that at the lowest speed in its range, it will give the engine full 
steam supply. At the highest point it should so reduce the steam 
supply, that the engine will not gain speed, even when all 
external load is removed. On account of this, flywheel control 
and governor control have to be properly regui .ted relatively 
to each other. 

Suppose, for instance a governor allows a maximum variation 
of 10 revs, per min. Let the flywheel allow the same cyclic 
variation. Then, in every cycle (usually one revolution), 
the governor sleeve would move from its lowest position to 
its highest position and back again. As this would happen 
during each revolution, whether load was great or small, the 
governor would be of no use. When these conditions exist, 
or even if they are approached, a phenomenon known as 
“ hunting ” arises. 

It is necessary, therefore, that the flywheel should only permit 
cyclic variations which are considerably smaller than those 
permitted by the governor. 

Examples XX 

1. Why is it necessary in practice to control the speed of an engine ? 

Distinguish between the function of a flywheel and a governor. 

2. Give reasons why it is impossible to maintain absolutely uniform 
speed of rotation. 

3. For what range of speeds will a Watt governor vary in height from 
12 in. to 6 in.? 

Why is the Watt governor not used in modem practice? 

4. A Porter governor with equal arms has a load of 45 lb. and rotating 
weights each 4 lb. 

What is its height at a speed of 240 r.p.m. ? 

5. In a spring-loaded governor, the compression on the spring is 80 lb. 
The ball-arms of the bell-crank levers are 5 in. long and the sleeve-arms 
6 in. long. The radius of the path of the balls is 7 in. and the weight of each 
is 5 lb. Neglecting friction, at what speed must the governor rotate to 
satisfy the given conditions? 

6. The governor of question (4) has friction equivalent to a force of 
4 lb. at the sleeve. At what speed will it begin to fall from the given position 
and at what speed will it rise ? 

T 
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7. A spring-loaded governor has a compression in the spring of 60 lb. 
The spring compresses 1 in. for a force of 40 lb., and friction is equivalent 
to a force of 6 lb. at the sleeve. If the radius of the path of the balls is 7 in. 
when the spring has the above compression and if both ball-arms and sleeve- 
arms are 6 in. long, find the increase in speed for a rise of 1 in. in the sleeve. 
Assume that the lower limit of speed is as low as possible and that the balls 
weigh 8 Ib. each. 

8. Distinguish between the governing of a steam engine by {a) throttling 
and (6) variable expansion, and illustrate your answer by showing the effect 
of each method on an indicator diagram. 

Give a sketch of a spring-loaded governor and explain its action. 

U.L.C.l. 

9. Obtain a formula for the height /? of a Porter governor in terms of 
the central load W, the weight of each ball w, the frictional resistances /, 
and the angular velocity cu radians per second. Assume the pendulum arms 
and the suspension links of equal length and that they intersect on the main 
axis. 

Using this formula, calculate the amount of central weight required so 
that the links, each 15 in. long, shall be inclined at 45"' to the main axis 
when the speed is 150 r.p.m. You may assume the speed to be increasing. 
The weight of each ball is 4 lb. and the resistance on the sleeve due to moving 
the governor gear is 3 lb. U.E.I. 

10. Prove that //, the height in feet of a loaded governor of the Porter 
type with equal arms and links, is given by the equation 

W -f 2,934 
w * N- 

N = r.p.m., w = weight of each ball, 

W = weight of central load. 

If IV = 4 lb., W = 56 lb., and the height docs not alter when the speed 
increases suddenly from 250 to 255 r.p.m., calculate the force opposing the 
rising of the sleeve. U.E.I. 

11. A Porter governor with equal arms runs normally at 180 r.p.m. 

If the height at this speed is 1\ in., what is the ratio of the central load to 
the weight of one of the balls? If the frictional resistance on the sleeve be 
equal to 10 per cent, of the central load, what is the proportional increase 
of speed before the governor acts ? If you use a formula, show, if you can, 
how it is derived. U.E.I, 
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STEAM TURBINES 

176. Introductory. I he steuni turbine is the. result of 
much experiment and research. Many attempts to produce 
a rotary engine had been made prior to 1880, at which time 
several inventors were endeavouring to perfect their respective 
machines. It was not until the year 1892 that the inventiveness, 
skill, and courage of the late Honourable C. A. Parsons pro¬ 
duced a turbine which became a competitor with the recipro¬ 
cating steam engine. 

His first mechanically successful turbine was produced in 
1884 and now occupies an honourable place in the Engineering 
Museum at South Kensington. This turbine developed 10 
horse power and was used to drive a dynamo. Its steam con¬ 
sumption was so high that it could not hope to displace the 
high class reciprocating steam engines of that day. Such 
progress, however, was made in the next eight years that the 
turbine thereafter rapidly gained popularity, and in 1905, the 
famous Mauretania was engined with turbines to develop 
75,000 horse power. 

The production of electrical energy on the scale of modem 
demands would be impracticable without the steam turbine. 
The horse power developed by a single turbine set is now as 
much as 200,000, whilst there are one or two sets in the world 
designed to develop even higher powers than this. In the 
field of marine engineering, the turbine is supreme for high 
powered ships. 

The turbine is very different from a piston engine, both 
in the manner in which the steam delivers its energy as work, 
and also in the mechanical construction and general appearance 
of the machine. If the controlling gear be excepted, there 
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are no parts of a steam turbine moving with reciprocating 
motion. The moving parts are all rotating and are entirely 
enclosed. Consequently, there is no very evident sign to 
indicate that anything is taking place in the turbine, A slight 
vibrational hum, some radiated heat, and the speed indicator, are 
the only means of detecting the fact that heat is in process of 
transformation into work. 

In the case of the piston engine, the pressure of steam as 
registered by a pressure gauge (known as the statical pressure) 
is the means of propulsion. Although the pistons may be 
moving at speeds as high as 1,000 feet per minute, and the steam 
is following up the pistons at this speed, the kinetic energy of 
the steam is negligible. The steam velocity is small. 

In the steam turbine the statical pressure is not used directly 
for creating the propulsive force. It is used to create high 
steam velocities, in some cases as high as 4,000 feet per second. 
The propulsive force on the moving parts of the turbine is 
produced by changing the direction of this high velocity steam 
and thus changing its momentum. The force set up by this 
means on the working elements is a dynamic force (i.e. one 
set up by change of motion), as distinct from the static force 
exerted by steam on the sides of its containing vessel. There 
is, therefore, a double transformation of energy in the steam 
turbine, first from heat into kinetic energy, and second, from 
kinetic energy into force and thence into mechanical work. 
The piston engine does the transformation directly, namely 
from heat into mechanical work on the piston. 

Notwithstanding these important differences between the 
reciprocating steam engine and the steam turbine, the calcula¬ 
tions set out in Chapter XIII are equally applicable to both 
types of engine, and the term “ all steam engines ” in the second 
line of art. 95, includes steam turbines. 

177. Advantages of the Turbine. The chief advantages of 
the turbine engine are as follows:— 

I. Very large units can be constructed as indicated in 
the last article. 

II. Since the turbine is a high speed machine it develops 
high power per unit volume occupied. 
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III. It can utilize high vacuum very advantageously. 

IV. No internal lubrication is needed. Therefore con¬ 
denser tubes can be kept free from oil and a high 
rate of heat transmission maintained in the condenser.. 
The boiler feed water is also free from oil v'ith resulting, 
freedom from overheating of tubes. No special oil 
ehmination treatment of the feed water is necessary 
to maintain high he^ i tran,'niission rates in the boiler. 

V. Heavy foundatioiis are unnecessary as the machine 
can be accurateh balanced. 

VI. The high rotational speed of the turbine makes it 
very suitable for electrical power generation. 

VII. Considerable overloads can be carried at the expense 
of slight reduction in overall efficiency. 

VIII. The construction of a turbine readily lends itself 
to the process of cascade or series feed water heating, 
or to the provision of steam at reduced pressures 
for processes such as distilling, heating, humidifying, 
digesting, etc. 

IX. The condenser inlet can be made large and the 
condenser itself can be placed very close to the 
last working blade ring. This enables the expansion 
of the steam to be carried down to condenser pressure 
and therefore the expansion in a steam turbine is 
complete, as in the Rankine Cycle. 

X. The turbine can be operated against any reasonable 
back pressure and it can be arranged to use high 
pressure steam, low pressure steam, or both; and 
also steam exhausted from reciprocating engines. 

178. The Simple Turbine. The essential features of a 
simple steam turbine are illustrated in fig. 113. The steam 
pipe from the boiler terminates in the main stop valve M. 
Close to this valve is placed a second valve G under the control 
of the turbine governor. The steam enters the nozzle chest 
C through the pipe P. The nozzle chest consists of a special 
steam pipe curved so that its centre line coincides with the 
mean path of motion of the working blade. Passages of 
special shape, known as nozzles and indicated at N, lead the 
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steam from the nozzle chest to the working blades B. During 
its passage through the nozzles the steam falls in pressure and 
increases enormously in velocity. It is directed towards the 
blades by the nozzles which are inclined to the plane in which 
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Pressure and Velocitjr Curves 
for Simple Turbine. 


Fig. 113. 


the blades move, as shown in the plan. The blades are shaped 
and arranged somewhat as indicated, with the result that the 
steam which leaves the nozzle enters the blade passages and 
literally blows the blades along. Special shapes of nozzles 
and of blades are used to increase the driving force of the 
steam upon the blades. The steam leaves the blade wheel 
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on the right and flows downwards through the exhaust passage 
E into the condenser. The work done on the blades is trans¬ 
ferred to the shaft S by means of the turbine wheel or disc D. 

179. The Turbine Stage. The word stage used in this 
connexion means a pressure stage. A pressure stage is any 
portion of the turbine in which a pressure drop occurs followed 
by the development of mef^ amcri work in a moving element 
or blade ring. It I'ollows iium this definition t; at fig. 113 
illustrates a single pressure stage t»irbine. This simple turbine 
forms the basis of the calculations treated in this chapter. 

180. General Description of the Steam Turbine. A complete 
steam turbine of the impulse type, by the Metropolitan-Vickers 
Electrical Co. Ltd., is illustrated in section in fig. 114. It 
consists of fourteen pressure stages, the first of which is com¬ 
pounded for velocity as in the Curtis turbine. The remaining 
thirteen stages are simple pressure stages as in the Rateau 
turbine, and this arrangement is known as the Rateau system. 
Each of the fourteen stages comprises a unit turbine and the 
complete machine illustrated is said to be pressure compounded. 
The last two stages embody the makers patent multi-exhaust 
construction, part of the steam going direct to the condenser 
after passing through the outer portion K, of the thirteenth 
stage working blade. The steam passing through the inner 
portion L, expands through the nozzles M and does work 
on the fourteenth set of blades I. This construction is adopted 
to avoid excessively long blades in the last stage and at the same 
time to take advantage of the highest vacuum. To make 
the working portions clearer, the first eight pressure stages 
have been repeated in fig. 115, and both figures are similarly 
lettered except that in the latter figure, Ng, Ng, N^, etc., represent 
the successive nozzles after the first, whilst Bg, Bg, B 4 , etc., 
represent the corresponding blades attached to their respective 
wheels Wg, Wg, W 4 , etc., which rotate. 

The steam is supplied to the first stage nozzles N, through 
the nozzle box S. The expansion in the first nozzles is usually 
sufficient to remove any superheat from the steam and thus 
avoid temperature stress distortion in the casing and wheels. 
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The velocity of the steam leaving the first nozzles N is higher 
than at any other point in the turbine and this enables two rings 
of moving blades to be used for the first pressure drop with a 
directing ring D, of blades between them. 

The two moving rings are clearly shown on the first wheel V. 
This arrangement is known as velocity compounding. 

The first nozzles do not extend round the full circumference 
of the wheel V. The secoiid and third sets of nozzles are 
formed in steel blocks attached to the diaphragms P. These 
diaphragms consist of cast steel plates fitted into grooves formed 
in the casing. Casing and diaphragms are in halves in the 
horizontal plane containing the axis of the shaft. All stages 
alter the third have the nozzles cast in the diaphragms with the 
exception of the last one M, in which the nozzles are built up. 
Usually the arc of admission to successive pressure stages 
increases until, in the last stages, the full circumference is utilized, 
although full circumferential admission in the early stages is 
frequently used to reduce windage losses. 

Blade heights and nozzle heights increase in the successive 
stages in order to accommodate the increasing volume of 
steam. The increasing nozzle arc also assists in providing 
this accommodation. Overloads in this type of turbine 
can be met by increasing the number of first stage nozzles 
in action, or by supplying steam through the overload valve A 
to the chamber between the first and second stages. Between 
the tenth and eleventh stages, steam is extracted from the 
turbine to heat the feed water in the heater H. Also at this 
point a reh'ef valve R is fitted, to warn the attendant of unusual 
conditions and to protect the casing from accumulation of 
pressure. The steam not extracted passes on through the 
multi-exhaust stages to the condenser and leaves the turbine 
at EE. 

The pressure on the left-hand side of each diaphragm is 
greater than on the right. It is, therefore, necessary to prevent 
steam from passing in considerable quantity through the 
essential working clearances between the inner edges of the 
diaphragms and the outer surfaces of the wheel bosses. This 
is practically accomplished by means of labyrinths which 
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consist of rings with projecting fin edges as shown at C. The 
packing edges are thinned down to a few thousandths of an 
inch to prevent “ seizing ” if contact should occur. In the 
event of contact taking place, the heat generated is localized 
in the fin which is softened and gives way until a clearance is 
again established. The principle on which this packing operates 
is that of throttling the press’.re down through a very restricted 
opening as explained in AruUcs Sfi and 57. 

The remaining features of the turbine illustrated in fig. 114 
are common to large turbines and dilTer, in machines from 
different makers, in constructional detail only. 

The two main bearings BB carry the rotor and are supplied 
with oil under pressure as is also the alternator bearing Bj. 

The turbine and alternator shafts are connected by a flexible 
coupling at F, the flexibility being provided by the bellows shape 
of the coupling sleeve close to the letter. 

At the points where the shaft passes out of the casing, steam 
and water sealed glands are fitted. The gland G prevents 
leakage of steam from the casing to atmosphere, and the gland 
Gj prevents air from leaking into the condenser where it would 
interfere with condensation. At starting, both glands are steam 
sealed to prevent air from entering the casing, since the vacuum 
is created before the turbine is started. When the turbine has 
run up to speed, water is supplied to the glands and a forced 
vortex is created as a means of preventing leakage. This method 
has long been in use on Metropolitan-Vickers turbines. 

A detail of a high pressure gland is shown in fig. 116, whilst a 
water gland is shown in fig. 117. The gland shown in fig. 116 is 
of the comb type and consists of nine rings P of special form 
supported at the outer circumference by springs F, and having 
axial projections overlapping .similar radial projections on the 
packing sleeve Q. The high pressure steam acts at A. The 
space B is at low pressure and is connected either to drain or to 
condenser. The spaces B and C are separated by another 
packing ring known as the leak-off ring. Steam passing from B 
to C is sometimes allowed to leak through the passage E, into 
the atmosphere where it indicates, by its quantity, the state of the 
packing. In the case of turbines fitted with the water gland, no 
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leakage to the atmosphere takes place. There is some 
evaporation due to the heat generated in the gland, but this can 
be piped to the condensing system. This evaporation is made 
up continuously. 

It will be noted that each comb consists of five throttling 
orifices. The shaft is indicated at SS and D is a ring which 
throws oil and water olf the shaft and also keeps them separate. 



High Pressure Gland—12,500 KW. Turbine 

In fig. 117 the packing rings R are simpler than those of fig. 
116, and are similar to those employed in the diaphragm glands. 
The impeller I produces a water pressure which seals the gland 
by slightly different radial depths of water, that on the higher 
pressure side being less than that on the low pressure side. 

A typical double thrust Michell bearing is illustrated in fig. 
118. This bearing is used to register the rotor accurately in an 
axial direction and thus keep the distance between the outlet 
edges of the nozzles and the inlet edges of the blades the correct 
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amount. This registration is accomplished by adjusting the 
thickness of the serrated rings S. The thrust collar is indicated 
at T and the bearing pads at BB. The pads are carried in the 
foundation rings F, and are pivoted in such a way as to ensure 
very effective and reliable lubrication. The governor and oil 
pump are driven from the turbine shaft by the worm W and 
wheel Wi (fig. IM), whilst O is an emergency trip governor 



incorporated in the shaft and operating by centrifugal force. 
It is restrained by a light spring so long as the predetermined 
safe speed is not exceeded. The situation of the thrust block is 
indicated at T in fig. 114. 

Examination of figs. 114 and 115 will reveal the large working 
clearances between the blades and casing, and between blades 
and nozzle diaphragms, which are characteristic of the impulse 
turbine. The pressure in successive wheel chambers gets less 
as the steam approaches the condenser, but the pressure on 
each side of any wheel is the same, holes being provided in the 
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wheels to ensure this. The successive fall in pressure in each 
Rateau stage is arranged to produce the same leaving velocity 
at each set of nozzles. 



181. The Reaction Steam Turbine. A longitudinal section 
of a modern turbine of the well-known Parsons reaction type 
is shown in fig. 119. 

This machine, by C. A. Parsons & Co. Ltd., is the direct 
descendant of the famous 1884 turbine and is remarkable for 
the comparatively small space occupied by a turbine of its 
output. It is capable of producing 20,000 kilowatts at full load 
and its thermal efficiency at its most economical load is 31 per 
cent. 
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In this machine the steam is admitted through the pipe S to 
the steam belt A, and enters the first group of blades round the 
full circumference of the blade as is usual with reaction turbines. 
This first group, between the belts A and B, consists of six pairs 
of blade rings on a parallel portion of the rotor R. 

The second group between B and E consists of ten pairs on a 
conical portion of the rotor. When the turbine is called upon 
to take overloads, steam is supplied through the pipe Sj and the 
belt B, to the gap between the first and second groups of blades. 
This supply is additional to the normal supply through S and A. 
The next two steam belts E and F, with their respective gaps 
between the blade groups, are points at which a portion of the 
steam is led away from the turbine for the purpose of heating 
boiler feed water or for other heating purposes. 

The third group of blades between E and F consists of eleven 
pairs of rings. The fourth group between F and H, on a parallel 
portion of the rotor, contains six pairs which increase con¬ 
siderably in height to accommodate the increased volume of 
steam. The steam pressure at E in the first pass-out belt is 
35 lb. per sq. inch, and at F in the second one, it is lb. per sq. 
inch. At discharge from the fourth group of blades, shown at 
H, the steam remaining in the turbine divides, part of it passing 
outside the casing carrying the fixed blades of the fifth group. 
This latter group occurs between the points H and I. The steam 
which passes out at H enters the last group at J and expands 
through the five pairs of blade rings comprising this group into 
the exhaust passage K and thence downward to the condenser. 
The remaining steam expands through the six pairs forming the 
fifth group and also enters the condenser. The portion of the 
turbine between H and K is the low pressure portion and here 
the steam has a large specific volume. 

The division of the low pressure steam into two parts as 
explained above, is kno\yn as the double flow arrangement. In 
the turbine illustrated, the steam travels in the same direction 
through each flow. In many cases the two portions of low 
pressure steam are arranged to flow in opposite directions so 
that the thrust set up in one flow is balanced by the thrust set 
up in the other. The arrangement shown in fig. 1 19 necessitates 
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a labyrinth steam packing M, between the two low pressure 
expansions since the pressure at J is greater than that at I. The 
reason for the adoption of the double flow arrangement is the 
need for provision of large steam flow area at exhaust from the 
last moving ring without unduly long blades which would be 
mechanically weak. 



Fig. 120. 


In the reaction turbine, blades attached to the casing fulfil 
the function of nozzles and alternate with blades attached to the 
rotor. Thus the first blades which the steam encounters are 
fixed whilst the last are moving. Both fixed and moving blades 
in each pair are identical, but reversed in direction. This can 
be followed by reference to figs. 121 and 133. 

The pressure drop across any blade ring is small, and therefore 
the increase in steam velocity is also small compared with that 
which occurs in an impulse turbine nozzle. Thus there are more 
sets of blades in a reaction turbine than in an impulse turbine 
for the utilization of the same heat drop. The blade heights 
and the mean diameters of succeeding blade rings progressively 
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increase along the turbine, and the absolute steam velocities als< 
increase as the steam flows through the turbine from inlet tt) 
exhaust. As there is a pressure drop across each moving row of 
blades in a reaction turbine, it follows that there must be some 
end thrust due to the steam pressure on the blades and on the 
shaft. To counteract this thrust two dummy pistons N.P. are 
provided at the steam inlet end of the turbine. The piston N 
balances that part of the blading between A and E, while piston 
P balances the blading between E and H. The space L is con¬ 
nected to the low pressure port H. 


/ COKTROWttJ EV 



Fig. 121. 


Any out of balance still remaining is taken up by the thrust 
block T. As in the impulse turbine, this block serves also to 
register the rotor accurately in its casing. 

Leakage to or from the casing is prevented by steam sealed 
carbon glands G, one of which is illustrated in fig. 120. 

This figure also shows the shaft bearing with its oil throwing 
rings and the end of the rotor R with its blading. 

The flexible coupling C, of the Parsons claw type, with the 
end of the alternator shaft can be seen on the right in fig. 119, 
and the governor and oil pump driving worm W and wheel Wj 
on the left. 
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c Reaction blading is very efficient, especially in low pressure 
sections. In the high pressure sections, where the steam is 
relatively dense and the blades short, the essential radial 
clearances were formerly the cause of considerable steam 
leakage. The whole of the steam did not pass through the 
blade channels, with the result that the efficiency was reduced. 
This leakage hrs been overcome by means of Parsons patent 
end tightened blades which . ;e illustrated in fig. '?1. 

The projecting blade si'iouds reduce the clearance between 
fixed and moving parts •>1 the turbine and serve as labyrinth 
packings. The shrouds on the blades fixed to the cylinder have 
forked ends, the lower one almost touching the foundation ring 
B of the adjoining blades, whilst the upper one serves to guide 
the steam into the moving blades without shock. 

The feather edges ensure freedom from damage if contact 
should be made between tightening strip and foundation ring. 
By the use of this blading, the radial clearance can be increased 
as shown in fig. 121, with consequent less risk of blade stripping 
and without the excessive leakage of steam which would other¬ 
wise accompany the use of larger radial clearances. 

It must be pointed out that this type of turbine is really an 
impulse-reaction turbine since both impulse and reaction are 
operating. A pure reaction turbine would have moving nozzles 
which would move in a direction opposite to the steam flow. 

A pure impulse machine would have no expansion or 
generation of kinetic energy in the moving blades. In the 
Parsons turbine, the blades fixed to the casing perform the same 
function as the nozzles of an impulse turbine and the blades fixed 
to the rotor perform the same function as the moving nozzles of 
the pure reaction turbine. Thus the working blades are also 
nozzles and this is the reason for the name reaction. 

Usually the term nozzle is applied to fixed passages, but it is 
applicable to any part of a turbine where controlled expansion 
and generation of kinetic energy occur. The difference between 
impulse and reaction turbines is further explained in Articles 186 
and 187. 

182. The Steam Nozzle. It will be noted from Articles 178 
and 180, that the portion of the elemental turbine in which the 
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steam operates to do work consists of (a) the nozzle passage, 
(b) the working blade which moves. The function of the steam 
turbine nozzle is threefold, first it must expand the steam from 

the higher pressure at inlet to the 
lower pressure at exit. In doing this, 
the nozzle allows the heat energy in 
the steam to be converted into velocity 
or kinetic energy. Secondly, it must 
deliver the steam with a maximum of 
kinetic energy for which reason it 
needs to be smooth and of correct 
shape; thirdly it must direct the 
steam into the blade channels and for 
this purpose it is set at an angle to 
the path of motion of the blades. 

There are two principal types of 
nozzle used in turbine practice, (a) 
the convergent nozzle, (b) the con¬ 
vergent-divergent nozzle. The con¬ 
vergent nozzle is indicated conven¬ 
tionally at (a) in fig. 122, whilst (b) of 
the same figure shows how the nozzle 
is arranged in the turbine diaphragm. 

The cross-sectional area of a convergent nozzle diminishes 

from inlet section to outlet section. In other words the outlet 

section is the least section of the nozzle. This type of nozzle 

absolute pressure at exit section 

IS used when the ratio, -r— r— - ^ . , -— 

absolute pressure at inlet section 

is not less than about 0-58. This ratio in any type of nozzle 
is known as the pressure ratio of the nozzle and the actual value 
of the limiting ratio for convergent nozzles depends on the value 
of the index n in the expansion law of the steam. For example, 
if the steam expands through the nozzle according to the law 
pyi-ia* _ Q ratio is 0*58, whilst if the law is PV^'* = C 

the ratio becomes 0-5457. The latter value is used in all cases 
except those in which the steam is initially wet. Thus with n 
equal to 1-3 the least pressure at the exit section of a convergent 
nozzle will be 0*5457 Pj, where Pi is the pressure at inlet to the 



Fio. 122. 




STEAM TURBINES 


293 


nozzle. This least pressure is known as the critical pressure of 
the nozzle. 

It will be shown in more advanced work that when the exit 
pressure from a convergent nozzle reaches the value indicated 
by the above pressure ratio the nozzle is discharging its maxi¬ 
mum weight of steam per unit time. The lower pressure 
referred to is that in the nozzle it;'.eif and this pressure is not 
necessarily that in ihe cliambe into which the nozzle discharges. 

Example. The steam supply t-:. a convergent nozzle is at 200 lb. per 
sq. iuch absolute. Assume the e> pansion law to be “ = C and calculate 
the least theoretically correct cxh pressure. 


Exit pressure 


0 5457 when « = 1-3. 


Inlet pressure 

.•. Exit pressure = 0-5457 x 200 = 109-1 lb. per sq. inch absolute. 


The pressure at exit could be any value 
higher than 109-1 lb. per square inch but 
the nozzle would not in this case discharge 
its maximum amount of steam. 


Example. The pressure in front of cer¬ 
tain nozzles is 80 lb. per sq. inch absolute. 
The exit pressure is 48 lb. per sq. inch ab¬ 
solute. What type of nozzle is indicated ? 


Pressure ratio = 


80 


= 0 - 6 . 


Since this is higher than 0-58 or 0-5457, 
the nozzles are convergent, irrespective of 
the value of n. If this ratio had fallen 
between 0-58 and 0-5457 it would have 
been necessary to state the value of n to 
be used. 


The convergent-divergent nozzle 
is illustrated in fig. 123, (a) indi¬ 
cating, as before, the conventional 
nozzle and (b) the nozzle arranged 
in the turbine casing. This nozzle 
consists of the convergent nozzle 
of fig. 122 with a diverging portion 
added, and it is used when the pres¬ 
sure at exit is less than 0-5457 Pj. 




294 


HEAT ENGINES 


The object of the diverging portion is to expand the steam 
to a lower pressure in the nozzle than the critical pressure. 
The effect is to control the expansion down to lower pressures 
than can be done with the convergent nozzle. By this means, 
higher steam velocities can be attained with a convergent- 
divergent nozzle than with a convergent nozzle. 

The least cross section of this combination nozzle is known 
as the throat section and it corresponds to the exit section of 
the convergent nozzle. Beyond this section the nozzle widens 
until the exit section is reached. The explanation is briefly as 
follows. During the expansion of the steam and its passage 
along the nozzle its pressure falls continuously, and expansion 
is complete as in the Rankine Cycle. The heat released 
produces a continuous increase in velocity and the fall in 
pressure produces increased volume in the steam. At first the 
volume increase is not at sufficient rate to keep pace with the 
velocity increase and thus the nozzle can be reduced in section. 
At the throat the limit of this condition is reached and thereafter 
the specific volume increases at a greater rate than the velocity. 
Hence this portion of the nozzle must diverge to accommodate 
the steam. 


Example, A nozzle is required to expand steam from 200 lb, per sq, inch 
absolute to 20 lb, per sq, inch absolute. What type of nozzle is needed? 


Pressure ratio = 


20 

200 


= 0‘1. Since this is less than 0'5457 


must be convergent-divergent. 


the nozzle 


Example, A nozzle of the convergent-divergent type is required to 
expand steam from a pressure of 180 lb, per sq, inch dry, to 2 lb, per sq. 
inch. The expansion law is PV^-* = C. Find the pressure and specific 
volume of steani at the throat and the specific volume at exit. Both pressures 
are absolute. 

Pressure at the throat = 0-5457 x 180 

= 98-2 lb. per sq. inch absolute. 

From steam tables the specific volume at 180 lb. per sq. inch absolute 
= 2-534 cu. ft. 

PiVj^-* = PxVx^’*. SufiSx 1 referring to inlet and T to throat. 
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.,VT 

= & X 


= l-Sa®*” X 2-534 
= 1-592 X 2-534 

= 4-03 cubic feet per lb. at the i hroat. 



Suffix 2 ref rs to cxf* 

- (R)" 

X 2-534 

o 

O 

00 

77 


X 2-‘^34 

= 90"-” X 

2-534 

== 31-97 X 

2-534 


= 81-02 cubic feet per lb. at exit. 


183. Calculation of Steam Velocity. The calculation of the 
velocity with which steam leaves a nozzle is based on the law 
of the conservation of energy. The steam expands freely through 
the nozzle from a pressure Pj, to a pressure Pg. There is no 
piston upon which the steam can do work, hence it does work 
upon itself and sets itself in motion. The heat energy rendered 
available by the expansion between the two pressure limits is 
converted into kinetic energy. The amount of energy available 
in the ideal case for each pound of steam, is the Rankine Cycle 
work (see pages 150 et seq). For convenience this quantity is 
called the heat drop or available heat. 

Since the heat available per pound of steam is operating to 
increase the kinetic energy of one pound weight of steam we 
have, in the ideal case. 

Heat drop = Increase in kinetic energy of one pound weight, 

V* 

That is Hr = 

Where Hr = Rankine heat drop in B.Th.U. per pound. 

V = Velocity of steam in feet per second, 
g = 32*2 pounds per engineers unit of mass, 

J = Joule’s mechanical equivalent of heat == 778 
ft,-lb. in this case. 
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Example. Dry steam is supplied to a nozzle at 200 lb. per sq. inch 
absolute. The exit pressure of 1 lb. per sq. inch absolute. Calculate the 
final dryness of the steam and the velocity of efflux from the nozzle assuming 
that the steam is initially at rest and that the flow is adiabatic and frictionless. 

To determine the final dryness the entropy quantities will be used. The 
heat drop will be calculated by the method given on page 157. 


1-5538 —0-1323 


x. = 


1-9724 

1-4215 


0-1323 


See page 316. 


1 -8401 
= 0-773 

Total heat at A, before expansion = 1,199-5 B.Th.U. per pound. 
„ „ at B, after „ = 69-7 + 0-773 x 1,036-1 

= 69-7 + 800-7 
= 870-4 B.Th.U. per pound. 
Heat drop - 1,199-5 — 870-4 
329-1 B.Th.U. 



= V 2gJH^ _ 

= V2 X 32-2 X 778 X Hr 
= ^2 X 32-2_x 778 x Hr 
= 223-8 X VHr 
= 223-8 X '\/329-l 
= 223-8 X 18-11 
= 4,052 feet per second. 


It should be noted that such a steam velocity is rarely met in 
practice. The large range of pressiu’e is divided into portions 
to give approximately equal heat drops and equal increments of 
velocity. 

Reference to Article 96 and to the worked example on page 
155 will show that 


Hr = ^ PiVi pounds. 

Therefore V = ^ 2g ^ PiVi|^l—J and this 

equation can be used to calculate the steam velocity when the 
value of n is known. 
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Example. Steam expands through a nozzle according to the law PV^’® 
= C. The initial pressure is 150 lb. per sq. inch absolute and the exit 
pressure is 20 lb. per sq. inch absolute. Calculate the velocity with which 
the steam issues from the nozzle assuming that the steam is at rest just before 
the inlet section. 




= V 2 X 32-2 X ^ > 144 x .JO x 3-015 [l - 

/ 2o\[:f~j 
~ Vl50/' U 

- V 18,173,937-6 

[l - 


= \/18,173,937-5 



= Vl 8,173,937-5 

[0-372] 



= 1/6.760,704-8 
= 2,600 feet per second. 


184. Effect of Friction. The walls of a nozzle are made as 
smooth as possible, but even when this has been done they are 
not devoid of some degree of roughness. Thus no actual 
nozzle is without its frictional effect. There are also frictional 
effects in the body of the steam itself. 

The net result of these effects is that the steam velocity at 
exit from an actual nozzle is always somewhat less than the 
ideal velocity which would be generated with the same heat 
drop. 


Let Vo = actual steam velocity at exit from the nozzle in 
feet per second. 

V/ = ideal or theoretical velocity at exit from the nozzle in 
feet per second. 


, . actual exit velocity *t. / •. 

Then the ratio j-r-;—r— is known as the velocity 

ideal exit velocity 

coefficient of the nozzle. The value of this coefficient varies 
from 0-92 to 0*98 and is usually denoted k. 


Thus actual velocity at exit = k x ideal exit velocity 

= XV 2g JH. 
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Example. If the velocity coefficient of the nozzle in the last exercise. 
Article 183, is 0‘96, what is the actual velocity of the steam as it leaves the 
nozzle? 


Actual steam velocity == 0-96 x 2,600 

= 2,496 feet per second. 

The principal object of the nozzle is to convert the available 
heat energy of the steam into kinetic energy. In a frictionless 
nozzle all the heat drop would be converted. Friction reduces 
the velocity of the steam and the actual kinetic energy of the 
steam at exit from the nozzle is less than the ideal kinetic energy. 

actual kinetic energy per lb, at exit . . 

The ratio, r-j — r— - —— -- is the nozzle 

ideal kinetic energy per lb. at exit 

efficiency and this quantity will be denoted r ]„. 

Using the above notation, we have 

Actual kinetic energy at exit per pound of steam 

V* 

= foot pounds. 


Ideal kinetic energy at exit per pound of steam 


V? 

= ^ foot pounds. 


Vn 


ZJf 

Y 

2g 


■ _ Yf _ fYA' 
i V? - \yJ 




V? 

Also 

2g 


Vn = 


JHh 

V* 


2gJH, 


or 


2gJ 7}„ H, 


i.e, Ya = 223• 8 V 7]„ Hr when Hr is in British Thermal Units. 


Example. Dry steam is supplied to a nozzle which expands it from 
180 lb. per sq. inch absolute to 14-7 lb. per sq. inch absolute. The expansion 
is adiabatic. Find the velocity of the steam at exit from the nozzle if the 
efficiency of the nozzle is 0*9. 
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The process of adiabatic expansion 
with friction is shown by the line 
AC in fig. 125. The line AB is the 
ordinary frictionless adiabatic ex¬ 
pansion line. 


Dryness at B 


1-5554 —0-31186 
“ 1-7573 — 0-31186 
= C 360 



Total heat at A before expansion — 1,198 B.Th.U. 

„ „ „ B after „ = 180 -f 0-860 x 970-7 

= 1,015 B.Th.U. 

.*. Heat Drop = 1,198 — 1,015 
= 183 B.Th.U. 

Actual energy converted == 0-9 x 183 

= 164-7 B.Th .U. 

Exit velocity of steam = 223-8 x \/l64-7 

= 2,872 feet per second. 

Assuming that no heat enters or leaves the steam during expansion in the 
nozzle, the heat not converted into kinetic energy remains in the steam at 
exit. The result is that the steam is actually drier than it would be at exit 
from a perfect nozzle when the pressure limits are the same. This affects 
the specific volume of the steam at exit and this quantity is important when 
the nozzle dimensions are to be found. In the above example, the dryness 
at the end of the adiabatic frictionless expansion is 0-860. Actually, 
however, 0-1 of the heat drop remains in the steam as additional heat. 

Therefore the improvement in dryness due to friction 

0-1 X 183 
“ 970-7 

= 0-0188 

Actual dryness at exit = 0-860 -I- 0-0188 
= 0-8788 

The volume of one pound of the wet steam at exit 

= 0-8788 X 26-8 
*= 23-55 cubic feet. 
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In fig. 125, C is the end point of the actual condition line AC. The length 
BC represents the evaporation which would be produced by 18-3 B.Th.U. 
at the atmospheric exhaust pressure of this example. It is necessary to 
point out that this heat has been degraded to a lower state of temperature 
and is therefore wasted since 14-7 lb. per square inch is the discharge 
pressure. 

185. The Blade Velocity Diagram. The velocity of steam 
in the fixed nozzle passages of any turbine is the velocity of the 
steam relative to the earth. This velocity is known as the 
absolute steam velocity. The velocity of the steam relative to 
the blade will depend on the speed of the blades, the absolute 
steam velocity, and the angle which the nozzle axis makes with 
the plane in which the blade moves. The absolute steam velocity 
is represented by AB in fig. 126. This velocity can be resolved 



into two components, one parallel to the direction of motion 
of the blade and the other parallel to the axis of the tiurbine. 
The first component is known as the velocity of whirl and the 
second is known as the velocity of flow. The velocity of whirl is 
important in calculating the force or work done on the blades 
and the velocity of flow in calculating the thrust along the 
turbine axis. 
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To find the velocity of steam relative to the moving blade, 
vector velocity diagrams, or equations based upon them, are used. 

Let AB (fig. 127) represent the 
absolute steam velocity at entry 
to the blades. Set it down to 
scale, making an angle oc with 
the direction of motion of the 
blade. This angle is knowi; '>s 
the nozzle angle or the inlef jet 
angle and is the angle at which 
the nozzles are set. Now set ofi', to the ^^ame velocity scale, the 
velocity of the blade along the direction of motion of the blade. 
Let this be CB. Then a straight line AC indicates the direction, 
magnitude, and sense of the motion of the steam relative to the 
blade. This diagram is the inlet triangle and is a case of vector 
subtraction. The blade velocity vector CB is vectorially sub¬ 
tracted from the steam velocity vector AB, giving the vector AC 
as the difference. Imagine the blade speed to be equal to the 
whirl velocity then the relative velocity of steam to blade will 
have a direction at right angles to the direction of the blades, 
and will be equal in magnitude to the flow velocity. If the blade 
is stationary, then the relative velocity becomes equal to the 
absolute steam velocity. 

The diagram drawn above is the inlet velocity triangle. There 
is a similar triangle for the exit edge of the blade. This is 
illustrated in the third example of this article. 

The angle 6 (fig. 127) is the angle of the blade at inlet and 
the steam will glide on to the blade without shock when the 
conditions of turbine rotational speed, turbine diameter, absolute 
steam velocity and inlet jet angle enable the diagram to produce 
the angle d to agree with that of the actual blade. If the blade 
velocity, steam velocity and inlet jet angle are known, then the 
blade angle and relative steam velocity can be found. 

Example. A steam turbine is 4 ft. mean diameter of blade ring and the 
nozzle angle is 22°. The turbine speed is 550 r.p.m. and the inlet blade 
angle is 30°. Draw the velocity diagram and find the absolute steam 
velocity at entry to the turbine wheel. Also find the inlet whirl and flow 
velocities. 
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Blade speed = v DN. 

— 3 1416 X 4 X 550 ft. per minute 

3-1416 X 4 X 550 ^ 

---ft per second. 

60 

= 115-2 ft. per second. 

The velocity triangle, fig. 128, is now set out. 



Measurement of this triangle gives the following results, absolute steam 
velocity 408-5 ft. per second; inlet whirl velocity 378 ft. per second; inlet 
flow velocity 152 ft. per second. 

Example. The ideal heat available in a turbine nozzle is 288 B.Th.U. 
The nozzle discharges the steam into a ring of moving blades, the efficiency 
of the nozzle being 0-92. The nozzle angle is 20° and the blade angle at 
inlet is 32°. Find the blade velocity assuming no shock at entry. 



Set down any length to represent the unknown blade speed. Draw the 
line BA, fig. 129, at 20°. Draw CA at 32°. Then AB represents the steam 
velocity to scale. 
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This velocity is equal to J Hr 

= 223-8 \/o-92 X 288 
— 3,640 ft. per second. 


The original diagram, from which fig. 129 is reproduced, was set out so 
that 3 inches represented the blade speed. On measuring the length of 
AB it was found to be 7-56 inches. This length represents 3,640 ft. per 
second, and thus the velocity scale can be found. 


Blade speed = 


3,640 ft. pr" sec. 
7-56" 


X 3" 


= 1,443 ft. pe second. 


Example. The relative velocity of steam leaving the blades of an 
impulse turbine is 1,200 feet per second. The blade speed is 460 feet per 
second, and the angle of the blade at exit is 28°. Draw the exit velocity 
triangle and find the velocity of whirl, the velocity of flow, and the absolute 
velocity of steam at exit from the blades. What is the angle which the 
leaving jet of steam makes with the plane of the turbine wheel? 

The diagram in this case is one of vector addition. 



Set off the blade speed, 460 feet per second along CB (fig. 130). Also se 
off 1,200 feet per second along BD making an angle of 28° with the direction 
of motion. Complete the triangle by drawing CD. Then CE = whirl 
velocity = 602 feet per second ; ED = flow velocity = 565 feet per 
second; CD = absolute leaving velocity = 824 feet per second and 0 
= 43° — exit jet angle. 

186.«M"Tlie Simple Impulse Blade Velocity Diagram. This 
diagram consists of two velocity triangles, one for the inlet edge 
and one for the outlet edge of the blades. The arrangement is 
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shown in fig. 131, and this allows the blade shape to be inserted 
in the combined triangles. The significance of the lines are as 
follows, all being set down to scale and the angles measured with 
a protractor. 



Fig. 131. 


AB is the absolute steam velocity at inlet. 

GB,, ,, ,, blade ,, ,,, ,, 

AC „ „ relative steam „ „ „ to the blade. 

EC „ „ blade velocity repeated for convenience in the 

second triangle. 

CD,, „ relative steam velocity at outlet from the blade. 

ED „ „ absolute steam „ „ „ 

a/ „ „ inlet jet angle. 

O.Q ,, ,, outlet,, _ ,, 

6i „ „ inlet blade angle. 

f 9 9 i outlet ,, ,, 

If the blade is considered to be frictionless, then the steam 
leaves it at the same velocity, relative to the blade, as it enters 
and in this case the length of CD is the same as the length AC. 
If friction is taken into account then the steam leaves the blade 
with less velocity than it possessed when entering. In this case, 

CD 

the length CD is less than AC and the ratio is the velocity 
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coefficient for the blade. The inlet whirl velocity is represented 
by FB and the outlet whirl velocity by EG. The inlet and outlet 
flow velocities are represented by AF, and GD respectively. 

The arrows indicate the sense of flow in all cases. 

BC 

The ratio is called the speed ratio of the blades. For 

simple impulse turbines, the value of this ratio is usually about 
0-47. 

Example. An impulse ste m turbine nozzle is inclined at 20° to the 
plane of motion of the blade. The steam Ic.tves the nozzle with a velocity 
of 2,500 feet per second and the blade speed is 1,200 feet per second. Find 
the relative steam speed at inlet, the inlet blade angle, the absolute steam 
speed at outlet, and the outlet jet angle. Neglect friction and assume the 
blades to be symmetrical, i.e. Oo = ^i- 



Fig. 132. 

Draw the diagram as in fig. 132 with AB = 2,500 feet per second; 
CB = 1,200 feet per second; and a/ = 20°. Then relative steam speed at 
inlet AC = 1,432 feet per second; inlet blade angle = 36-5°; absolute 
steam speed at outlet ED = 850 feet per second; and outlet jet angle 
= 93°. 

Example. Write down the whirl and flow velocities from the data of 
the last example (a) when friction is neglected, (fi) when friction reduces the 
steam speed 10 per cent, whilst the steam is passing through the blade 
channels. 5 


X 
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The whirl velocities will be considered as positive towards the left and 
the diagram shows that both inlet and outlet whirl velocities are positive. 

Measurement of the diagram gives the following results. For no friction* 
inlet whirl velocity FB = 2,350 feet per second; outlet whirl velocity EF, 
50 feet per second; inlet flow velocity AF, 847 feet per second; outlet flow 
velocity FD, 847 feet per second. 

When friction is taken into account, outlet whirl velocity EG =160 feet 
per second; outlet flow velocity GDi = 762 feet per second; inlet whirl 
and flow velocities are unchanged. The absolute steam velocities and outlet 
jet angles change from ED, 850 feet per second to EDi, 780 feet per second, 
and from 93” to 102° respectively. 

Before leaving the impulse velocity diagram, an important 
feature which is characteristic of impulse turbine diagrams must 
be emphasised. 

The velocity CD of the steam leaving the blade cannot be 
higher than the velocity AC of the steam entering the blade. 
The reason for this is the characteristic of impulse turbines, 
namely, that there is no fall in pressure from inlet to outlet edge 
of blades. Hence there is no release of energy of the steam whilst 
it is in the impulse blade passages. 

187. The Reaction Blade Velocity Diagram. In the reaction 
turbine, the nozzles consist of turbine blades which are fixed 
to the casing. The moving blades and the fixed nozzle blades 

are identical, but 
relatively reversed, 
as shown in fig. 133. 
As the steam passes 
through the length 
of a reaction tur¬ 
bine, the succeeding 
sets of blades alter 
slightly in shape, 
and considerably in 
height, but so far 
as a working pair 
are concerned, they 
are identical. It is important to note that there is a pressure fall 
across both fixed and moving blades with consequent release of 


Mo«ng- 

Moving- JMJJJ 

Fio. 133. 
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energy in each. The release of energy ini the moving blade 
channels causes an increase in steam velocity, whilst the steam 
is traversing them, and therefore, the outlet steam velocity 
relative to the blade is greater than the inlet steam velocity 
relative to the blade. The effect of this increase in relative 
velocity is clearly shown in the blade velocity diagram fig. 134, 
which is lettered to 
correspond with 
the impulse dia¬ 
gram of the last 
article. Note that 
CD is now greater 
than AC. Also 
note that the pres¬ 
sure fall in the 
moving blade is 
such as to pull up 
the relative velocity from AC to CD so that CD = AB. In 
other words, the relative velocity of the leaving steam is equal 
to the absolute velocity of the entering steam. Because the 
blades are identical, but reversed, the inlet and outlet triangles 
are identical. Thus BC = CE, AB = CD, AC == ED, a, = 
do and di = ao. 

Example. A reaction steam turbine pair has a blade ring 4 ft. 6 in. mean 
diameter and the turbine speed is 350 r.p.m. The blade speed is 0-7 of the 
relative leaving velocity of the steam and the leaving edge of the blade is 
inclined at 20° to the direction of motion. Draw the velocity diagram on 
the assumption that the steam enters and leaves parallel to the blade face 
and find (a) the absolute steam velocity at entry, (6) the relative steam 
velocity at entry, (c) the absolute leaving velocity of the steam, (d) the inlet 
angle of the blades, (e) the inlet whirl velocity, (/) the exit whirl velocity. 

350 

Blade speed = 3T416 x 4-5 x feet per second. 

= 82-5 feet per second. 

82*5 

.’. Absolute steam velocity at entry = 

=» 118 feet per second. 
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Only one triangle need be drawn as shown in fig. 135. From this diagram, 
relative entering velocity = 49 feet per second; absolute leaving velocity 
= 49 feet per second; inlet blade angle 55-1° ; velocity of whirl at inlet 
111 feet per second; velocity of whirl at exit = 28-5 feet per second. 



188. Calculation of Force exerted and Work done by steam 
on the blades. To calculate these quantities it is necessary to 
find the change of momentum of the steam in the direction of 
motion of the blades. 

Let V,,,/ = whirl velocity of steam at inlet to blades in ft. per 
second. 

» — whirl velocity of steam at outlet from blades in ft. 

per second. 

„ W = weight of steam flowing through blade channels 
in lb. per second. 

„ g engineers unit of mass 32*2 lb. 


Then momentum at entry per second 
„ „ at outlet „ 

.'. Change in momentum per second 


W 

g 


units 
W 


± — units 


W 

8 

W 

g 


g 

y.i-± 


w 

g 


[V,, ± 


This quantity is the force on the blades in pounds. The + 
sign in the last expression is used when the whirl velocity at 
outlet is opposite in sign to that at inlet as in figs. 131 and 134. 
The — sign is used when both have the same sign, as in fig. 132. 
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Example. Find the force on the blades in the example relating to fig. 
135, when 4 pounds of steam flow per second. What effect will doubling 
the steam weight per second have on the blade force other conditions 
remaining unchanged? 

From fig. 135 inlet whirl velocity ==111 feet per second. 

„ „ outlet „ „ = 28-5 „ „ 

The signs are of opposite kind. 

4 

/. Force on blades == p ^ 

= 17-3 po iiids. 

The force would be doubled with double ste.im flow. 

The calculation of the work done is now a simple one when 
the blade speed is known. 

Let U = blade speed in feet per second. 

Then the work done per second -- Force X distance moved 
per second. 

= j fVwiV..] U. 

This quantity is sometimes called the diagram work. 

Example, What is the horse power of the ring of blades in the last 
exercise? 

Work done per second = (17-3 x 82-5) ft. Ib. 

17-3 X 82-5 

Horse power developed =-- 

= 2-59. 

189. Efficiency of Turbine Blades. The efficiency of turbine 
blades is defined as the ratio. 

Work done on moving blades pe r pound of steam. 

Kinetic energy per pound of steam at exit from nozzle, 
both quantities being in the same units. 

Let V/ = absolute velocity of steam at exit from the nozzle 
in feet per second. 

Let Vo = absolute velocity of steam at exit from the blades 
in feet per second. 
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Then, when friction is neglected. 

Work done on blades per pound of steam 

= Change in kinetic energy per pound of steam 

V* V* 

_ ^ 

~ 2g 

The latter term is known as the carry over energy, whilst 
the first term is the kinetic energy at exit from the nozzle. 

y|_v, 

2,g 2g 

Therefore, blade efficiency = —^— 

^ i 

2g 

v®_V* 

_ j_t_ 

V? 

The work can be calculated by the method of the last article, 
either taking into account or neglecting friction. 

The blade efficiency now becomes 

j [v„±V„] u 

Vb = 

2g 

2urv„,±v„] 

This efficiency is sometimes called the diagram efficiency 
because the work done on the blades is calculated from the 
blade velocity diagram. 

Example. The speed of the buckets of a de Laval steam turbine is 
1,200 feet per second. The inclination of the nozzle to the plane of the 
wheel is 20° and the velocity of the steam as it leaves the nozzle, is 3,400 feet 
per second. If there is no shock, find the angle of the bucket vane at 
entrance. Assuming no friction and the vane angle at the steam exit to be 
the same as at entrance, find (a) the absolute velocity of the steam as it 
leaves the buckets, and (b) the bucket efBciency. U.L.C.I. 
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From the diagram absolute velocity at exit from buckets 
= 1,412 feet per second. 


Inlet kinetic energy per pound of steam 

Outlet kinetic energy per pound of steam 
179,500 — 31,000 


Blade efficiency = 


179,500 
= 0-828 or 82-8 per cent. 


_ 3 , 400 =^ 

" 64-4 

= 179,500 ft. lb. 

1,412* 

"" 64-4 
= 31,000 ft. lb. 


Alternatively : Measurement of the whirl velocity at exit shows it to be 
795 feet per second. 

.•. Inlet whirl velocity = (1,200 + 1,200 + 795) = 3,195 ft. per second. 
Exit „ „ = 795 feet per sec. and is negative. 


1,200 

Work done on blades = x (3,195- 795) 

== 148,800 ft. lb. 

148,800 
■■ Vb’= 179,500 

«= 83-0 per cent, as before. 


Examples XXI. 

1. Explain briefly the difference between the steam turbine and the 
reciprocating steam engine confining your attention to the process of 
transforming the beat into work. 
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2. State the principal advantages of the steam turbine. 

3. Explain the terms “ impulse ” and “ reaction ” as applied to turbines 
and also explain why it is necessary to fit a thrust block on a turbine shaft. 
In which type of machine is the thrust the greater? 

4. Sketch a diagrammatic section through a single wheel impulse turbine 
showing clearly the situation of (a) the nozzle chest, (b) the nozzles, (c) the 
supply pipe, (d) the working blades, (e) the blade shrouds, (/) the glands, 
(g) the bearings, (A) the thrust block, (i) the governor driving worm, (J) the 
flexible coupling (A) the exhaust passage. 

5. Sketch and describe the two principal types of steam nozzle used in 
turbines and state clearly the circumstances under which each type is used. 

6. A steam nozzle is supplied at 150 lb. per square inch absolute and is 
fully convergent. What is the correct exit pressure if “ /i ” in the expansion 
law is 1-3? 

7. Define the terms “ nozzle efficiency ” and “ velocity coefficient.” 
The ideal velocity at outlet from a steam nozzle is 2,800 feet per second. 
What is the actual velocity of the steam leaving the nozzle if the nozzle 
efficiency is 0*86? 

8. Steam is supplied, dry and saturated, to a turbine nozzle at 120 lb. 
per square inch absolute the exit pressure being 1 lb. per square inch abso¬ 
lute. Find the ideal velocity with which the steam leaves the nozzle assuming 
it to be at rest at the inlet section. 

9. If the efficiency of the nozzle in the last exercise is 90%, what will be 
the leaving velocity ? 

10. The exit area of a nozzle is 2 square inches and the steam velocity 
is 3,000 feet per second. The volume of 1 lb. of the steam as it leaves the 
nozzle is 140 cubic feet. Find the weight of steam flowing per second. 

11. Steam leaves the nozzles of an impulse turbine with a velocity of 
1,185 feet per second, the nozzle angle being 15°. The blade speed is 503 
feet per second. Find the relative velocity of the steam entering the blade 
channels, and the inlet blade angle. If the outlet angle of the blades is 18° 
and the relative leaving velocity is 575 feet per second, find the absolute 
leaving velocity and the blade velocity coefficient. 

12. The absolute velocity of steam entering a reaction turbine blade ring 
is 207 feet per second. The jet angle is 20°. Find the velocity of whirl at 
inlet and also the velocity of flow. 

13. Find the work done per pound of steam in example 11, and also 
the blade efficiency. 

14. A reaction steam turbine takes 5*5 lb. of steam per second. The 
inlet and outlet blade angles are 35° and 20° respectively. The blade speed 
is 100 feet per second. Draw the velocity diagram and find the horse power 
developed in one ring of moving blades. 

15. What is the increase ip steam velocity whilst the steam is passing 
the moving blade in the last example, and how much heat per pound of 
steam does this increase represent? 
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16. Explain the essential difference in principle between the “ impulse ” 

and “ reaction ” turbine. Steam issues from nozzles, inclined at an angle 
’ of 20° to the direction of motion with a velocity of 2,400 ft. per sec. on to 
the blades of a single-stage impulse turbine. The mean diameter of the blade 
ring circle is 4-5 ft. and the rotor speed is 3,600 r.p.m. The blade tip angles 
at inlet and outlet are equal, (a) Determine the velocity of the blades; 
(b) draw the velocity diagrams for the steam at inlet and outlet from the 
blade passages assuming no shock a! '^atry and no friction; determine (c) the 
blade angle at inlet and outlet, and ^0 the work done on the blades per lb. 
of steam. U.L.C.I. 

17. Steam issues from the ro/zles of p single-stage impulse turbine at 

1,500 ft. per sec. and the nozzles are inclined at 20° to the direction of motion 
of the blades, the speed of which is 700 ft. per sec. The blade tip angles at 
inlet and outlet are the same. Tf the steam is to enter the blades without 
shock and friction is neglected, determine (a) the inlet angle of the blades, 
(6) the force acting on the blades in the direction of their motion, per lb. of 
steam flowing, and (c) the diagram efficiency. U.L.C.I. 

18. Steam issues from the nozzles with a velocity of 2,500 ft. per sec., 
at an angle of 23° on to the blades of a single wheel impulse turbine. The 
blade tip angles at inlet and outlet are the same and equal to 40°. Draw 
the velocity diagram (ignoring friction) and determine (a) the velocity of 
the blades, (b) the velocity of the steam as it leaves the blades, (c) the 
diagram work per lb. of steam, (d) the diagram efficiency. U.L.C.I. 

19. In a single wheel impulse turbine, the nozzle angle is 22°, the 
velocity of the steam as it enters the blades is 2,400 ft. per sec. and the blade 
speed is 700 ft. per sec. If the blade tip angles at entry and exit are equal, 
find (a) the blade tip angle, (b) the change of velocity of the steam whils t 
passing through the blades, (c) the work done per lb. of steam, neglecting 
friction. What is the velocity of the steam as it leaves the blades? 

U.L.C.I. 
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PROPERTIES OF STEAM 


Pressure 
lb./ 
sq. in. 
absolute 

Tem¬ 

pera¬ 

ture 

F. 

1 Specific 
Volume 
cu. ft./ 
lb. 

Total 
Heat of 
Liquid 

Latent 

Heat 

Total 
Heat of 
Steam 

Entropy 

of 

Liquid 

Total 
Entropy 
of dry 
Steam 

P 

t 

V. 

h 

L 

H 


<l>s 

0-5 

79-6 

643-0 

47-6 

1,048-5 

1,096-1 

0-0924 

2-0367 

0-6 

85-3 

540-6 

53-2 

1,045-4 

1,098-6 

0-1028 

2-0214 

0-8 

94-4 

411-7 

62-4 

1,040-3 

1,102-7 

0-1196 

1-9970 

10 

101-7 

334-0 

69-7 

1,036-1 

1,105-8 

0-1326 

1-9783 

2 

126-1 

173-7 

94-0 

1,022-2 

1,116-2 

0-1749 

1-9200 

4 

153-0 

90-63 

121-0 

1.006-7 

1,127-7 

0-2199 

1-8632 

6 

170-1 

61-98 

138-1 

996-6 

1,134-7 

0-2473 

1-8299 

8 

182-9 

47-35 

151-0 

988-5 

1,139-5 

0-2676 

1-8065 

10 

193-2 

38-42 

161-3 

982-5 

1,143-8 

0-2836 

1-7884 

14-7 

212-0 

26-80 

180-1 

970-6 

1,150-7 

0-3122 

1-7574 

16 

216-3 

24-74 

184-5 

967-9 

1,152-4 

0-3187 

1-7505 

18 

222-4 

22-17 

190-6 

964-0 

1,154-6 

0-3276 

1-7411 

20 

228-0 

20-09 

196-3 

960-4 

1,156-7 

0-3358 

1-7327 

25 

240-1 

16-30 

208-6 

952-5 

1,161-1 

0-3534 

1-7148 

30 

250-3 

13-73 

219-0 

945-6 

1,164-6 

0-3682 

1-7004 

35 

259-3 

11-89 

228-0 

939-6 

1,167-6 

0-3809 

1-6883 

40 

267-2 

10-50 

236-1 

934-4 

1,170-5 

0-3923 

1-6776 

50 

281-0 

8-516 

250-2 

924-6 

1,174-8 

0-4112 

1-6597 

60 

292-7 

7-175 

262-2 

916-2 

1,178-4 

0-4272 

1-6450 

70 

302-9 

6-206 

272-7 

908-7 

1,181-4 

0-4412 

1-6327 

80 

312-0 

5-472 

282-1 

901-9 

1,184-0 

0-4533 

1-6219 

90 

320-3 

4-896 

290-7 

895-5 

1,186-2 

0-4643 

1-6124 

100 

327-8 

4-434 

298-5 

889-7 

1,188-2 

0-4742 

1-6038 

no 

334-8 

4-046 

305-7 

884-2 

1,189-9 

0-4833 

1-5963 

120 

341-3 

3-729 

312-5 

878-9 

1,191-4 

0-4918 

1-5891 

130 

347-3 

3-456 

318-8. 

874-0 

1,192-8 

0-4997 

1-5823 

140 

353-0 

3-222 

324-9 

869-1 

1,194-0 

0-5071 

1-5762 

150 

358-4 

3-015 

330-6 

864-5 

1,195-1 

0-5140 

1-5705 

160 

363-6 

2-835 

336-0 

860-1 

1,196-1 

0-5205 

1-5652 
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Table X. PROPERTIES OF STEAM— continued. 


Pressure 
lb./ 
sq. in, 
absolute 

Tem¬ 

pera¬ 

ture 

F. 

Specific 
Volume 
cu. ft./ 
lb. 

Total 
Heat of 
Liquid 

Latent 

Heat 

Total 
Heat of 
Steam 

Entropy 

of 

Liquid 

Total 
Entropy 
of dry 
Steam 

P 


V, 

h 

L 

H 

4‘w 


170 

368-4 

2 677 

341-2 

85.'-9 

1,197-1 

0-5267 

1-5602 

180 

373-1 

2-534 

346-1 , 

851 9 

1,198-0 

0-53.'’5 

1-5554 

190 

377-5 

2-407 

350-'“ 

84 / '9 

1,198-8 

0-5383 

1-5509 

200 

381-8 

2-290 

355 5 

844 0 

1,(99 5 

0-5437 

1-5466 

220 

389-9 

2-089 

364 7. 

836-5 

1,200-7 

0-5537 

1-5384 

240 

397-4 

1-918 

372-3 

829-4 

1,201-7 

0-5634 

1-5311 

250 

401-0 

1-844 

376-1 

826-0 

1,202-1 

0-5677 


260 

404-4 

1-775 

219-j 

822-6 

1,202-5 

0-5721 

1-5243 

280 

411-1 

1-651 

387-1 

816-1 

1,203-2 

0-5803 


300 

417-3 

1-543 

394-0 

809-8 

1,203-8 

0-5881 

1-5117 

350 

431-7 

1-326 

409-9 

795-0 

1,204-9 

0 6058 

1-4979 

400 

444-6 

1-161 

424-2 

781-3 

1,205-5 

0-6216 

1-4857 


The properties of steam given in Table X (see page 314) are those calcu¬ 
lated by the late Professor H. L, Callendar, and are reproduced by kind 
permission of Messrs. Edward Arnold & Co. More detailed tables are 
available and may be obtained on application to Messrs. Arnold. 

The liquid heats below 212° F. may be obtained approximately by sub¬ 
tracting 32 from the corresponding temperature. They are, in fact, slightly 
less, due to the variation in the specific heat of water which is actually less 
than unity. In practical problems the liquid heat may be taken as equal 
to the temperature, less 32, in the absence of the table. 

The liquid heats are calculated from the equation 

h = 0-99666 {t - 32) + . L - 0-0054 

y s y w 

where t = temperature 

Vh- = Volume of water /lb. 

V, = Volume of steam /lb. 

The evaporation entropy is the difference between the entropy of dry 
steam and the entropy of the liquid, and is equal to latent heat divided by 
absolute temperature. 

i.e. <f>,= 4>s— 

L 

sst —“ 

T 


. L 
"T 


- ^W’ 
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Take the figures at 200 lb. per sq. in. absolute. 

L = 844 0 B.Th.U. 

T = 459-6 + 381-8 
844 
841-4 
= 1-0030 
4 = 1-5466 
= 0-5437 

<f>. = 1-0029. 

Use of the entropy columns to determine dryness after adiabatic expan' 
sion. 

Case (fl) dry steam expanding to wet state. 

Initial pressure 160 lb. per sq. in. absolute. 

Final pressure 20 lb. „ „ „ 

Total entropy before expansion = 1-5652 Ranks. 

„ „ after „ = 1-5652 „ 

Liquid entropy at 20 lb. /sq. in. = 0-3358. 

Entropy of evaporation after expansion = 1-5652 — 0-3358. 

= 1-2294 Ranks. 

Entropy of evaporation when completely dry at 20 lb. /sq. in. 

= 1-7327- 0-3358 
= 1-3969 

^ • 1-2294 

Dryness after adiabatic expansion = 

= 0-887. 

Case (6) steam initially of dryness 0-96. 

Evaporation entropy at 160 lb./sq. in. = 0-96 (1-5652 — 0-5205) 

= 1-0029 Ranks. 

Total entropy before expansion at 160 lb. /sq. in. and 0-96 dry 
= 0-5205 + 1-0029 
= 1-5234 Ranks. 

.'. Total entropy after expansion to 20 lb. /sq. in. = 1 -5234 Ranks. 
Liquid entropy at 20 lb. /sq. in. = 0-3358 

Evaporation entropy after expansion = 1-5234 — 0-3358. 

= 1-1846. 

Evaporation entropy when completely evaporated at 20 lb. /sq. in. 

= 1-3969. 

1-1846 
” 1-3969 
« 0.848. 


.*. Dryness fraction after expansion 
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Examples foage S; 

1. 3-9 lb. per sq. ft., 0 0271 lb. ^cr r-q. iu. 2.16-42 lb. per sq. in. 3.1,254 
ft.-Ib. 4. 28,800 ft.-lb. 5. 15,552 ri.-lb. 6 . 26,611 ft.-lb. 7. 3,003 ft.-lb. 

8. 1 sq. in = 3,240 ft.-lb , 34-1 lb. per sq. in. 


Examples II (page 14) 

1. 75-6I.H.P. 2. 960H.P. 3. 606 H.P. and 1,099 lb./hr. 4.26,5801b. 
5. 1 H.P. 6. 94-6 H.P. 7. 1,671 ft. per sec. -8. 180 5 I.H.P., 141 B.H.P. 

9. 350r.p.m. 10. 2-3 H.P. 


Examples HI (page 23) 

1. 1,216" F. 2. 60-6“ F. 3. 3-843 lb., 126-4 B.Th.U. 4. 35,900,000 ft.-lb., 
1,088 H.P. 5. 1,395 B.Th.U. per lb. 6.2,383 B.Th.U. per lb. 


Examples IV (page 35) 

1.70-2 lb. per sq. in. 2. 320 cu. ft. 3.190-5 cu. ft. 4.61-7 cu. ft. 5,13-3 
cu. ft., 1,925 ft.-lb., 53-47 ft.-lb. 6.11b. 7.13UF. 8,5-5 lb. 9.29-8 cu. ft., 
108-5 lb. per sq. in. 10. PV = 53-2T, 15-1 B.Th.U. 11. 96 ft.-lb. per lb. 
per "€.,2. 12. 44-2° C. 13. 942° C. 


Examples V (page 46) 

1. 235,200 ft.-lb. 2. 212-5 C.H.U., 300 C.H.U. 3, 25-15 C.H.U. 
4. 119,300 ft.-lb. 5. 12-64 cu. ft., 0-0791 lb. per cu. ft. 6, 268 C.H.U., 
155,500 ft.-lb. 7. 29,400 ft.-lb. 8. 0-1996. 9. 1,086° C., 860 C.H.U. 

10. 55-76 lb. per sq. in. 


Examples VI (page 62) 

1. 37-7 lb. per sq. in. 2. 4-95 cu. ft. 3. PV^-”’ = C. 4. 162,000 ft.-lb. 
5. 15,900 ft.-lb. 6. 252,000 ft.-lb. 7. 47,000 ft.-lb. 8. 63-3 C.H.U. 9.123-6 
lb. per sq. in., 340° C. 10. 4-83, 263° C. 11. 61-3 lb. per sq. in., 232° C. 
12. 104-5 lb. per sq. in., 432° C. 13. 1-27 cu. ft., 491° C., 10 : 1, 112,000 
ft.-lb. 14. 15-4 C.H.U. wall to gas. 15. 10,886 ft.-lb., 187-8° C. 16. 17cu. 
ft., 45-5 lb., 410 lb. per sq. in., r = 1'406. 17. 2,111° C., 1042° C., 39,320 
ft.-lb., 27,800 ft.-lb. 18. 0-1425 cu. ft., 13-9,501 lb. per sq. in. 19. 0-742 lb., 
47,500 ft.-lb., 34,100 ft.-lb., 13,400 ft.-lb. rejected. 
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Examples VII (page 72) 

1. 83 per cent. 2. 41-2 per cent. 3. 48-5 per cent. 4. 184° C., 1,126° C. 
5. 46-5 per cent., 18-4 cu ft., per I.H.P. per hour. 6. 752 lb. per sq. in., 
61-2 lb. per sq. in. 

Examples VIII (page 88) 

1. 1,264-4 B.Th.U. 2. 1,213 B.Th.U. 3. 540,000 B.Th.U. 4. 555 lb. 
5. 18-4 lb. 6. 58,200 ft.-lb., 797,500 ft.-lb. 7. 333° F. 8. 852,000 ft.-lb., 
576,750 ft.-lb., 59,250 ft.-lb., 216,000 ft.-lb. 9.829,000 ft.-lb., 567,000 ft.-lb., 
62,400 ft.-lb., 199,600 ft.-lb. 10.0-925. 11.0-96,0-92. 12. 872,000 ft.-lb., 
67,200 ft.-lb., 754,400 ft.-lb., 53,600 ft.-lb. 13. 0-98. 14. 0-987, 0-269 dry. 
15. 0-981 dry, 37° F. superheat. 16. 0-953. 17. 0-53 lb., 0-157 dry. 

18. 0-862. 

Examples IX (page 105) 

1. 65-5 per cent., 9-76 lb., 13-65 per cent. 2. 63 per cent. 3. 9-79 lb. of 
steam per lb. of coal, 69-3 per cent. 4. 78-2 per cent., 15-45 lb., 3-92 lb. 
5.16-75 per cent., 10,000 lb., 20 per cent. 6. 3-8 barrels, 10,200 B.Th.U. per 
lb., 76 per cent. 7. 11,210 B.Th.U., 1,870 B.T.h.U., 84-1 B.Th.U., 78-5 per 
cent, 1,129 B.T.h.U. 8. 78-5 per cent., 13-7 per cent., 74-5 per cent, 11-8 
per cent. 9. 6,184 lb. 10. 71 per cent., 8,380 lb. 

Examples X (page 122) 

1.0-47 per cent. 2.1-03 per cent. 3. 78-4° F. 4.4,250 tubes, 2-37 ft. per 
sec. 5. 61,644 gall, per hour. 6. 11-56° F., 98-7 per cent., 0-507 cu. ft. 
7.174,(XX) lb. 8. 3,190 gall, per min., 794 tubes. 9. 2,630 gallons, 13-75 lb., 
3-1 ft. per sec. 

Examples XI (page 133) 

1. 66-8 lb. per sq. in. 2. 50-9 lb. per sq. in. 3. 278 I.H.P. 4. 66-8 lb. per 
sq. in., 50-9 lb. per sq. in. 5. 11-41 in. dia., 17-11 in. stroke. 6. H.P. cyl. 
9-48 in. dia., L.P. cyl. 16-42 in. dia and stroke. 7. 12-76 in. dia., 17 in. 
stroke. 8. L.P. cyl. 32-1 in. dia., 36 in. stroke, H.P. cyl. 17-3 in. dia., 36 in. 
stroke. 9. 8-7 in. dia., 13-05 in. stroke. 10. 92-7 in. dia. 11. 14-26 in dia., 
40 B.H.P. approx. 12. 0-8. 13. 0-645. 14. 15-3 in. dia., 3 ft. stroke. 

15. 0-35 of stroke. 16. 1,635 I.H.P. 17. 1,380 I.H.P., 9-16 per cent. 

Examples XII (page 149) 

1. 1-445 ranks. 2. 1-068 ranks. 3. 1-01 ranks. 4. 0-452 ranks. 5. 1-580 
ranks. 6.1-277 ranks. 7.1-761 ranks. 8.0-89, 23-8 cu. ft 9. 130 — 0-86, 
110 — 0-73, 90 — 0-62,70 — 0-49, 50 — 0-34, 30 — 0-21. 

Examples XIII (page 162) 

1. 127,200 ft.-lb. 2. 225,000 ft.-lb. 4. 229,000 ft.-lb., 26-75 per cent. 
5 . 264,800 ft.-lb., 28-6 per cent. 6. 0-815. 7. 0-84, 53 Ib. per sq. in. 

8 . 0-00719 ranks, 0-895 dry. 9 . 0-805 dry, 59-2 cu. ft. 
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Examples XIV (page 172) 

1. 33i°. 2. Lead * in., 1 in., i in. 3.0-76,0-96. 6.47i°, 1-25 in., 1-95 in. 
25°. 7. 0-3 in., li in., 0-74 stroke, 0-966 stroke, 0-84 return stroke. 9. 32°, 
1 in., 0-325 in. 10. 30°, - 4°, 124°, 171°, 310°. 13. 5-45 in., 1-225 in., 32i°, 
0-2 in. 14. 44°, 0-575 stroke, 0-9 stroke, 0-437 of a rev., 1 in., 1-5 in. 


Cut-olf 


. 0-7 

0-7 

Release 


. C9 

0-9 

Outside lap. 


. i-15in. 

0-c in. 

Inside lap 


.—0-15 in. 

0-29 in. 

Max. opening steam 


. 0-8 in. 

1 -25 in. 

„ „ exhaust . 


1-2'- in. 

1-25 in. 

Lead .... 


. 0-1 in. 

0-65 in. 

Angle of advance 


. 39° 

39° 


Examples XV (page 187) 

I. 19,800 B.Th.U. 2. 13,070 B.Th.U. 3. 11-9 cu. ft., 13 38 lb.. 0-0729 lb. 
per cu. ft., 1,271 B.Th.U. per cu. ft. 4.15,300 B.Th.U., 11 -8 lb. 5.11 -22 lb.. 
1-475 sq. ft. 6. 5,680 C.H.U. per lb., 10-83 lb. 7. 2-86 lb. CO*. 0-45 lb. H*0, 
14,350 B.Th.U., 13,900 B.Th.U. 8. 11-6 lb., 34-8 lb., 15-08 lb., 886 B.Th.U. 
9. 11-1 lb. 10. 35,460 lb. 12. 16-5 per cent., 1,268 C.H.U., 24 per cent. 
13. 11-64 per cent. CO 2 , 76-4 per cent. N 2 , 11-96 per cent. O 2 . 14. 43-6 per 
cent., 12-35 per cent. 

Examples XVI (page 201) 

6. 18-24 H.P. 

Examples XVII (page 214) 

II. 2,100° C. abs. 12. 2,760° C. abs. 13. (a) 1,070° C. abs., (6) 812° C. 
abs. 14. (a) 1928° C. abs., (b) 1,460° C. abs. 15. Expansion ratio 8-9, 
758° C. abs. 16. (a) 11-47, (6) 6-24. 17. 0-6255. 19. 738-2 lb. per sq. in., 
22-7 lb. per sq. in., 486-4 lb. per sq. in., 26-9 lb. per sq. in. 20.83° C., 727° C., 
257-2 C.H.U., 57-5 per cent. 21. 789° C., 1,839° C., 37-2 per cent. 


Examples XVIII (page 235) 

1. 41-2 per cent. 2. £1,212. 3. 30-4 cu. ft. per I.H.P. per hour. 4.32-4 
per cent., 41-5 per cent., 0-335 lb. per I.H.P. per hour. 5. 7-4 lb. per H.P. 
per hour. 7. 2,172 lb. per hour. 9. Ratio 5, 31-4 per cent., 47-6 per cent., 
66 per cent. 11.11-72 lb. per K.W.H., 8-82 lb. per H.P. hour. 12.24-6 per 
cent. 13. 22 per cent. 14. 55-5 I.H.P., 46 I.H.P., 31-8 I.H.P., 22-4 I.H.P. 
15. 13-2 per cent. 16. 35-2 per cent., 68-9 per cent. 18. 16-1 per cent., 9-8 
percent. 19. 5,382 lb. per hour. 20. 47 per cent., 4-9, 31-8 per cent., 67-7 
per cent. 21. 63-6 per cent., 59 per cent. 22. 54-4 per cent., 136,800 ft.-lb., 
360,600 ft.-lb., 288,700 ft.-lb., 288,700 ft.-lb, 23. 49 per cent., 148 lb. per 
sq. in., 147° C. 
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Examples XIX (page 259) 

1. I.H.P. 10-32, B.H.P. 8 06, Mech. Eff. 78 per cent., 42-6 cu. ft. per 

B. H.P. per hour, 23-25 cu. ft. per I.H.P. per hour, 25-4 per cent., 13-86 per 
cent., 59 per cent. (Brake heat 132-8 + Friction heat 110-9) = Indicated 
heat 243-7, Jacket heat 351, Exhaust, etc., 365-3, Heat supplied 960 C.H.U. 

2. I.H.P. hours 3-708, B.H.P. hours 1-79,26-2 per cent., 12-6 per cent. (Brake 
heat 84-6 + Friction heat 90-3) = Indicated heat 174-9, 26-2 per cent.; 
Jacket heat 92-4, 13-8 per cent.; Exhaust, etc., 399-9, 60 per cent.; Heat 
supplied 667-2,100 per cent. 3.79-8 per cent., 34-25 per cent., 44-8 per cent., 
20-95 per cent. 4 . I.H.P. 18-15,20 per cent.. Heat supply = 128,000 C.H.U. 
(Brake heat 20,350 + Friction heat 5,250) — Indicated heat 25,600 C.H.U., 
Jacket heat 23,800, Exhaust heat 78,600. 

6. I.H.P. 1,723, 0-326 lb., 13,480 lb. 7. 82-9 per cent., 43-6 per cent., 36-1 
per cent. 8. I.H.P. 180-3, B.H.P. 140-5. 9. Heat supply 31,400 C.H.U. 

(Brake heat 6,225 + Friction heat 1,980) == Indicated heat 8,205, Jacket 
heat 13,850, Exhaust, etc., 9,345. 10. I.H.P. 11-65, B.H.P. 9-6, 82-5 per 
cent., 47-3 cu. ft. per hour, 10-2 per cent. 11. Heat supplied 60,200 C.H.U. 
(Brake heat 8,630 + Friction heat 2,120) = Indicated heat 10,750, Jacket 
heat 24,500, Exhaust, etc., 24,950. 17-9 per cent., 14-33 per cent. 12. 29-6 
per cent.. Heat supply 201,000 C.H.U., Jacket heat 56,400, Exhaust heat, 
59,500 (Brake heat 59,500 + Friction heat 25,600) == Indicated heat 
85,1(X). 13. 81-8 per cent., 30 per cent., 24-5 per cent.. Heat supply 1,980 

C. H.U. (Brake heat 485 •+■ Friction heat 108-5) — Indicated heat 593-5, 
Jacket heat 450, Exhaust heat 855, Radiation, etc., 81-5. 14. 71-5 per cent., 
23 per cent., 13-9 per cent. 15. Heat supplied per min. = 4,175 B.Th.U. 
(Brake heat 1,290 + Friction heat 797) = Indicated heat 2,087, Jacket heat 
1,365, Exhaust heat, etc., 723. 17. 19-45, 16-7, 86 per cent., 22-1 per cent. 

Examples XX (page 273) 

3. 54 to 76-4 r.p.m. 4.7-46 in. 5.219r.p.m. 6. 230 r.p.m., 249 r.p.m. 
7. 130 r.p.m., 170-5 r.p.m. 9. 20 lb. 10. 2-5 lb. 11. W = 5-93^, 4-35 per 
cent. 

. Examples XXI (page 311) 

6. 81-86 lb. per sq. in. abs. 7. 2,598 ft. per sec. 8. 4,010 ft. per sec. 
9. 3,800 ft. per sec. 10. 0-297 lb. 11. 710 ft. per sec., 26°, 185 ft. per sec., 
k = 0-81. 12. 194 ft. per sec., 71 ft. per sec. 13. 18,500 ft.-lb., 85 per cent. 
14. 9-76 H.P. 15. 90 ft. per sec. increase, 0-648 B.Th.U. 16. (a) 848-2 ft. per 
sec., (c) 30-2°, id) 74,110 ft.-lb. 17. (o) 36°, (b) 44-07 lb., (c) 88-2 per cent. 
18. (a) 1,137 ft. per sec., ib) 979 ft. per sec., (c) 82,200 ft.-lb., (d) 84-8 per 
cent. 19. (a) 30i°, (6) 3,050 ft. per sec. in. direction of motion of blades, 
(c) 66,300 ft.-lb., 1,221 ft. per sec. 
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Absolute thermal efficiency, 21& 
Acetylene, combustion of, 203 
Ackroyd oil engine, 203 
Adiabatic equation, 154, 155 

— expansion, 59 

— — work done during, 55, 60 
Advantages of steam turbine, 276 
Air, characteristic constant for, 33 

— composition of, 179, 180 

— ejector, 116, 117, 118 

— in condenser, 116 

— pump, 116 

— standard efficiency, 71 
Airless injection oil engines, 205 
Angle of advance of eccentric, 168 
Angular advance of eccentric, 168 
Applications of entropy, 150 et seq. 
Atomic weights, 176 
Avogadro’s Law of Gases, 178 


Babcock and Wilcox boiler, 98 
Back pressure, effect of, 161 
Barrel calorimeter for steam, 81 
Bearing, Michell, 284, 286 
Blade details, turbine, 290 

— efficiency, 309, 310 

— force exerted on, 308 

— shrouds, 291 

— speed ratio, 305 

— velocity coefficient, 304 

— velocity diagram, 300, 303, 306, 307 

— work done on, 308 

Blast air in Diesel engines, 208 
Boilers, fire tube and water tube, 91 

— steam, 91 

Boiler, Babcock and Wilcox, 98 

— capacity, 99 

— efficiency, 101, 105 

— — table of, 105 

— Lancashire, 91 

— Locomotive, 95 

— performance, 100 
Boyle's Law, 25, 30, 58 

Brake Horse Power calculations, 242, 243, 
244 

— thermal efficiency, 219 
British Thermal Unit, 12 


I Calculation of dryness fraction, 82, 85 
j — 241 

— on surface condenser, 120 
Calorific 'aluc, 176 

— — higher and lower, 177, 179 
Calorimetry, 19 

Capacity for doing work, 11 
Caroon, 177 

— combustion of, 178, 183 
Carburation in petrol engines, 199, 200 
Carburettor, 200 

Carnot’s cycle for gas, 65 

— — efficiency of, 67 

— -r for vapour, 68, 160 
Carry over energy, 310 
Cascade feed water heating, 277 
Causes of missing quantity, 234 

— speed variation, 263 
Centigrade Heat Unit, 13 
Centrifugal force, 264 

— governor, 264 
Characteristic equation, 6, 32 

— constants for air, 33 
Charles’s Law, 26, 27, 30 
Chemical combination, 175 

— reactions in gas producer, 196 
Clerk two-stroke cycle, 191 
Coefficient of velocity (nozzle), 297 
Combustion, 175 

— equations, 177, 178 

— rates for boilers, 105 
Comparison of cycles, 160, 192 

— impulse and reaction turbines 291, 303 
306 

Compounding, pressure in turbine, 279 

— velocity — — 281 
Compounds, chemical, 175 
Compound engine, 131 

— — cylinder ratio of, 132 

— — total expansion in, 132 
Compression of gases, 48 

— — laws of, 49 

— — work done during, 53 

— ratio, 48, 54, 70 

Compression-Ignition oil engines, 202 
€t seq 

Condensate, 112 
Condenser, efficiency, 119 
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Condenser, func ion and types of, 112 

— }et, 117 

— surface, 113, 114, 120 

— tube packing, 115 

Condensing engine indicator diagrams 112, 
255 

Connecting rod, effect of, 164, 165, 169 
Constant volume, cooling of steam at, 86 

— — cycle, 69 

— — heat added at, 21, 38 

— — lines on T-^ diagram, 145 

— pressure, heat added at, 21, 38 

— quality lines on diagram, 144 
Constants, relationship between gas, 43 
Consumption of engines, 219 

— rate, 220, 224 

Convergent nozzle pressure ratio, 292 
Cooling steam at constant volume, 86 
Coupling, flexible, 283, 290 
Cut-off ratio in Diesel engines 207 
Cycle, constant volume or Otto, 69, 71, 219 

— constant temperature or Carnot, 65, 68, 
160 

— — — for steam, 68, 160 

— hypothetical steam engine, 124, 128 

— Rankine, 150 152-160, 258 294 

— working, 65 

Cylinder condensation and wall action, 
226-228 

— — reduction of, 229 

— feed, 231-233 

— ratio of compound engines, 131 


Day two-stroke engine 192 
Definition of density, 31 

— specific heat, 17 

— — volume, 32 

— work, 1 

— work scale, 7 
Density, 31 

Details of turbine blades, 290 

Diagram efficiency, 310 

Diagram for Carnot’s cycle, 66, 68, 160 

— — constant temperature cycle, 68 

— efficiency in turbines, 310 

— factor, 129 

— hypothetical indicator, 124, 127 

— pressure-volume, 5, 6, 8 

— temperature entropy, 142 et seq. 

— of steam plant, 109 

— of temperature fluctuation in engine 
cylinders, 228 

— of velocity for turbine blades, 300, 304, 
306 

— work in turbines, 309 
Diesel engine, 205 

— — compression ratio, 207 

— — cut-off ratio, 207 


Diesel cycle, 205 

— efficiency, 208 
Disintegration heat of steam, 80 
Distribution of heat in boiler plant, 104 
Division of energy of steam, 77 
Dryness fraction of steam, 76, 141 

— — — after adiabatic expansion, 154 

— — — tests for, 81 


Eccentric, angle of advance of, 168 

— and eccentric rod motion, 164 

— setting for internal admission, 171 

— throw, 164 

Effect of back pressure, 161 

— of connecting rod, 164, 165, 169 

— of cylinder walls, 226 

— of friction in governors, 269 

— of heat reception or rejection, 61 

— of moderate superheat, 229 

— of heat supply to gas, 37 

— of value of index “ n/* 49 
Efficiency, absolute thermal, 218 

— air standard, 71 

— brake thermal, 219 

— diagram, in turbines, 310 

— observations for, 244 

— of boilers, 101, 105 

— of Carnot’s cycle, 67, 160 

— of condenser, 119 

— of nozzles, 298 

— of Otto cycle, 71 

— of Rankine cycle, 258 

— of turbine blades, 309 

— standard thermal, 219 

— ratio, 219, 221, 240 
Efficient stoking, 183 

— — and CO 2 present, 186 
Elements, chemical, 175 
End-thrust in turbines, 290 
Energy, 11 

— division of, in steam, 77 

— equation for gases, 39, 40, 42 

— internal and external, 39 

— law for gases, Joule’s, 40 

— principle of conservation of, 12 

— transformation, 11, 12 
Engine, reciprocating, 110 

— crank, position of, 167 

— consumption by, 219 

— friction in, 11, 250, 251, 253, 259 

— reversing of, 170 

— trials, 238 et seq. 

See aLo various engines 
Entropy, 136 

— applications, 150 

— behaviour of, 137 

— change of, 136, 139 

— columns in steam tables, 314 
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Entropy diagrams, 142 et seq. 

— diagrams, scale of, 147 

— in isothermal expansion, 138 

— of evaporation, 140, 316 

— units, 137 

Essentials of steam engine plant, 108 
Evaporation, 73, 74, 79, 138, 141, 143 

— equivalent, 100 

— of a boiler, 99 

— unit, standard, 100 
Excess air in combustion, 180 
Exhaust lap, 165 

- opt ning, 167 

Expansion and compression of gases. 48 

— — work done during. 53, 54, 55 

— — laws, 49 

— adiabatic, 59 

— hyperbolic. 57 

— — construction of curve, 57 

— incomplete, 161 

— isothermal, 25, 28 

— ratio, 48 

— restriction of, 229 
External work done, 22 

— energy of steam, 79 


Field of work diagram, 5 
First law of thermodynamics, 24 
Flexible coupling, 283, 290 
Force of steam on blades, 308 
Friction in governors, 269 

— in engines. 11, 250, 251, 253, 257 

— of steam, 297 

Fuel consumption in oil engines, 212 
Functions of parts of steam plant, 108 

— of condenser, 108, 110 


Gas energy equation, 42 

— characteristic equation for, 32 

— constants, relationship between, 43 
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— total energy of, 40 
^ Gases, laws of, 25 

) — expansion and compression of, 48, 49, 
53 
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— gas engines, 195 
oil engines, 211 
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'— friction effect in, 269 

Hartnell spring-loaded, 270 
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Governor, range of speeds in, 273 

— Watt. 264 
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— — ratio of heating surface to, 105 
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— — measurement, 239 

— units, 12, 13 
Heating surface, 105 
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— — — cycles, 209 
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High compression oil engines, 204 

— pressure gland for turbine, 284 
Higher calorific value, 177 
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— — useful, I 1 
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Hot bulb engines, 203 
Hydrogen, combustion of, 176, 177 

— standard volume of, 175 
Hyperbolic expansion, 57 

— — work done during, 53, 54 
Hypothetical indicator diagram, 124 
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— mean effective pressure, 130 


Ideal steam cycle, 150 
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— Rankine cycle on T-<^ diagram, 152 
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— — cross-section of, 278 
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303, 306 
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Incomplete combustion of carbon, 178, 183 
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— — hypothetical, 124 
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— precautions in use of, 244 

Indicated weight of steam in cylinder, 231 

— cylinder feed, 231, 232 
Inside admission, 171 
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Internal combustion engines, 190 
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— — of steam, 79 

— latent heat of steam, 80 
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Jet condenser, 117 
Jet, velocity of steam, 295 
Joule’s energy law for gases, 40 
— mechanical equivalent of heat, 12, 24 


Labyrinth in turbines, 281, 289 
Latent heat of steam, 74 
Law of thermodynamics, first, 24 
Laws of expansion and compression, 49 
—-of gases, 25, 26, 27 
Lancashire boiler, 91 

— — efficiency, 93 

Lap of slide valve, 165, 166 
Lead of slide valve, 167 
Leak-off ring, 283 
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Line of constant pressure, 144 
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Liquid heat, 74 
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— superheater, 95, 97 
Lower calorific value, 177 

Low compression oil engines, 203 
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Nomenclature of oil engines, 205 
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— — advantages of, 213 
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Parson’s turbine, 286 
Passes in condenser, 115 
Peabody throttling calorimeter, 84 
Pettcr engine, 203 
Petrol engine, 198 
Piston valve, 165 
Porter governor, 266 
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Products of combustion, 181 
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— turbine, 286 
Reciprocating engine, 110 
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sumption, 223 
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— — gas constants, 4 i 
Relative density of gases, 176 
Restriction of expansion, 229 
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Reuleaux valve diagram, 168 
Reversing motion, 171 


Scale of temperature entropy diagram, 147, 
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Separating calorimeter for steam, 86 
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^ Slide valve, 165 
Specific heat, 16-20 
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Speed control, 263 
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Spring-loaded governor, 270 
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— tables, 75, 314 
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— — advantages of, 276 

— — foundations for, 277 
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Steam turbine, Parson’s section of, 287 

— — prevention of seizing in, 283 

— — reaction, 286 

— — steam speed in, 276 

— velocity, calculation of, 295 
Stephenson reversing gear, 171 
Superheated steam, 74, 81, 229 
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— for locomotive boiler, 95 
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— — tube packing, 115 
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Temperature-entropy diagrams, 135, 141 
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Terminal pressure, 162 

Thermal efficiency of engines, 218, 244 
Thermodynamics, first law of, 24 
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— of steam, 84 
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— — of steam, 79 
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— — Curtis, 279 
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— — — — section of, 280, 282 

— — nozzles, 278 

— — Rateau, 279 

— — reaction, 286 
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— of power, 10 
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Valves and valve gear, 164 
Valve diagram, Reuleaux, 168 

— piston. 165 

— setting for Dcisel engine. 209, 210 
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Vaporizer in gas producer, 197 

— in oil engine, 203 

Vapour, Carnot’s cycle for, 68, 160 
Velocity coefficient. 297, 304 
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— of flow, 300 
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Wall action in steam cylinders, 226 

— temperature in steam cylinders, 228 
Water equivalent, 18 

— lube boilers, 91, 98, 99 
Watt Governor, 264 
Weights, atomic, 176 

Weight of steam from P-V diagram, 229 
Wet steam, 76 

^ — tests for dryness fraction, 81-86 
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Willans lines, 224 
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— — by feed pump, 78 

— — during change in volume, 2, 4 
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Working cycle, 65 
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